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Chapter 1
Connectivity in a tropical seascape
Tropical coastal ecosystems harbor a large diversity of plant and animal species, 
and their high productivity and biodiversity has resulted in indispensable 
value for humans. The close occurrence of different habitat types like coral reefs, 
mangrove forests, sand flats, algal and seagrass beds makes these systems unique. 
However, these ecosystems are declining worldwide due to human impacts 
such as overfishing, pollution, coastal development, and climate change (Alongi 
2002, Bellwood et al. 2004, Waycott et al. 2009). Management and protection of 
these vulnerable systems can be accomplished by establishing Marine Protected 
Areas (MPAs), yet regulations often focus on single habitat types, not taking 
into account the connectivity between different habitats (Pittman and McAlpine 
2003). As habitat linkages may enhance the resilience of ecosystems, it is crucial 
to understand connectivity patterns within the tropical seascape.
Cross-ecosystem linkages are partly maintained through dispersal of animals. 
Throughout their life cycle individuals require different resources at different 
life stages which might cause them to shift habitats (Pittman and McAlpine 
2003). Movement patterns are therefore often driven by changes in predation 
pressure, shelter availability, physiological requirements or diet, resulting in a 
cost-benefit analysis in which animals attempt to minimize the ratio of mortality 
risk to growth rate (Werner and Gilliam 1984, Dahlgren and Eggleston 2000). 
These patterns act across a range of temporal and spatial scales, including daily 
movements between resting and foraging areas, seasonal spawning migrations 
and ontogenetic habitat shifts (Krumme 2009, Nemeth 2009).
Many species found in nearshore tropical ecosystems display a life history 
strategy with a dispersive larval phase followed by demersal juvenile and 
adult phases (Caley et al. 1996, Leis and McCormick 2002). Larvae develop 
during a pelagic planktonic phase into well-developed settlement-stage larvae 
before they settle on benthic substratum (Leis 2006). Early juveniles can settle 
immediately in the same habitat as where adults are found (2-phase life cycle), 
or use a variety of habitats before moving to the adult habitat (3-phase life cycle; 
Figure 1.1). Several coral reef-associated fish and invertebrate species display the 
latter strategy, and utilize non-reef habitats like mangroves and seagrass beds 
during their juvenile life stage in such a way that these habitats may function 
as temporary nurseries (Adams et al. 2006). Ultimately, a particular habitat will 
only function as a productive nursery if its individuals reach adult populations, 
even though the habitat may support high densities and survival of juveniles 
(Beck et al. 2001). Therefore, evidence of actual movement between habitats is of 
crucial importance. Measuring actual movement of fish is however challenging. 
Research on animal movement does not only include spatiotemporal distribution 
patterns of animals, but also sensory modalities used for orientation toward 
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different habitats (Holyoak et al. 2008). In this thesis, both aspects of movement 
are combined in thorough behavioral and movement studies of fish species that 
make several habitat transitions throughout their life cycle.
Figure 1.1. Life history strategies of tropical marine species: A) 2-phase life cycle in which larvae 
settle immediately in the adult habitat; B) 3-phase life cycle in which juveniles use distinct habitats 
before moving to the adult habitat.
Orientation cues for larvae and early juveniles
To orientate in space and time, and thus decide where and when to move, most 
animals sense and respond to external information (Nathan et al. 2008). The fact 
that several fish species show pronounced spatial distribution patterns (Adams 
and Ebersole 2004, Pollux et al. 2007) illustrates that the use of specific habitats 
involves a level of choice, and is not merely the result of passive dispersal of larvae. 
The pelagic larval duration may last from only a few hours up to more than 
20 weeks (Shanks 2009). In the case of coral reef fish, larvae quickly transform 
during this phase from plankton into competent swimmers with well-developed 
receptor organs for sensing their environment which enable orientation toward 
suitable settlement sites (Leis 2006). Compared to soft-bottom habitats, coral reefs 
are usually patchy in distribution and are often isolated, presenting a challenge 
for larvae to find their settlement habitat at the end of the pelagic stage (Leis and 
McCormick 2002). 
Cues that guide larvae toward their settlement habitat can be emitted by the 
habitat itself or by resident organisms. In the marine environment, suitable cues 
for orientation include sound, wave motion, chemoreception, vision, light, water 
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pressure and magnetism (Kingsford et al. 2002, Myrberg and Fuiman 2002). 
Gradients, concentrations or intensities of these cues vary over different spatial 
scales (Figure 1.2). Our knowledge about the effective use of different cues is still 
rudimentary due to the limited amount of experimental data, and the difficulty 
of tracking fish in the water. Besides the presence of environmental cues, the 
sensory system of the receiving individual must be developed and tuned in on 
accurate and relevant information. In reef fish larvae, only the auditory, visual 
and olfactory senses are known to be functional (Arvedlund and Kavanagh 2009), 
and in this thesis the focus will be on the use of these three sensory systems in 
habitat selection.
Magnetism
Salinity gradient
Temperature gradient
Wave motion
Visual cues
Auditory cues
Chemical cues (olfactory)
0 1 m 10 m 100 m 1 km 10 km
Figure 1.2. Spatial scales over which different environmental cues are likely to be detected by larval 
fish.
Sound
Sound is a very reliable cue, because it is current independent, highly directional 
and transmitted through the water with very little attenuation (Popper and 
Carlson 1998). Because sound propagates over large ranges (kilometers) it is 
a useful cue for long distance navigation. The underwater sounds of a coral 
reef community create an extremely noisy environment, distinguishable with 
hydrophones for kilometers, among the quieter surrounding waters (Cato 1978). 
Underwater sound is composed of both biological sounds such as snapping 
shrimps, urchins or gurgling and grunting fish, and physical sounds like wind 
and crashing waves (Kingsford et al. 2002).
The first direct evidence of fish responding to reef-generated noise was 
provided by Tolimieri et al. (2000) who showed that ‘sound traps’ attracted 
significant more fish larvae than did ‘silent traps’. Following these results, more 
studies demonstrated that a range of tropical reef fish species are attracted 
toward reef sound during their larval pre-settlement stage (Leis et al. 2002, 
Simpson et al. 2004, 2005, Montgomery et al. 2006). Subsequent research showed 
that the spectral composition of sounds differ between different habitats 
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(Radford et al. 2010), and that fish larvae not only respond to sound in general, 
but can distinguish between different frequencies (Simpson et al. 2008a). This 
ability facilitates orientation toward suitable settlement sites and active habitat 
selection. Although it is known that many reef fish species use acoustical cues to 
locate coral reefs and can distinguish between natural and artificial sound, it is 
not known whether fish can discriminate between sounds of different habitats. 
Smell
Water from different habitats contains different chemical cues to which fish might 
respond. These can be biotic such as tannins from plants, mucous from corals, 
lipids, proteins, bacteria, or abiotic such as differences in salinity or chemical 
pollutants (Kingsford et al. 2002). The dispersion of chemical cues occurs by 
diffusion over short distances (a few meters), and fluid motion (i.e. currents) 
which produces gradients on larger spatial scales (kilometers) (Kingsford et 
al. 2002). Salmonid fish returning from oceanic feeding grounds to their natal 
streams are a good example of large scale navigation by use of chemoreception 
(Dittman and Quinn 1996). In the tropical seascape, olfactory cues can be used 
by larvae to locate reefs at considerable distances from the source (Atema et al. 
2002, Dixson et al. 2008), and on a smaller spatial scale to discriminate between 
habitats (Danilowicz 1996, Arvedlund and Takemura 2006).  
The olfactory system cannot only be used to differentiate between habitats, 
but is also highly important in the detection of conspecifics (Sweatman 1988, 
Døving et al. 2006). Lecchini et al. (2005a) conducted a series of experiments 
and found that olfactory cues can be used to discriminate between conspecifics 
and heterospecifics, and between conspecifics and live coral. Furthermore, the 
presence of potential predators can also be detected by use of chemical alarm 
signals (McCormick and Larson 2007).
Vision
Although fish can probably use several senses for orientation, vision is believed 
to be the most dominant sense (Rowland 1999). Yet, visual cues are only useful at 
small distances as light attenuates rapidly in water, limiting the effective use of 
visual cues to tens of meters at most (Kingsford et al. 2002, Leis and McCormick 
2002). Nevertheless, it has been shown that fish can visually discriminate 
between microhabitats (Lecchini et al. 2007a). Nagelkerken et al. (2000a) found 
that fish density and species richness in nursery habitats were positively related 
to structural complexity which is probably related to their function as shelter. 
Discrimination between different habitat characteristics might be based on 
visual cues, yet this has rarely been tested. Visual cues cannot only be used 
for identification of suitable habitats, but like the olfactory system, also play an 
important role in recognition of conspecifics (Brolund et al. 2003, Lecchini et al. 
2005a, 2005b).
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To date, research has focused on the orientation of reef fish to coral reef cues, 
and we have little understanding of the sensory mechanisms and environmental 
cues that are employed for finding non-reef nursery habitats. Given the fact 
that the visual, auditory and olfactory senses are well-developed in most reef 
fish (Myrberg and Fuiman 2002, Arvedlund and Kavanagh 2009), there may 
be differences in the behavioral response toward habitat cues that explain the 
different spatial distributions of juveniles of different species. Fish species with a 
2-phase life history strategy may react only to cues emitted by the coral reef and 
its inhabitants, whereas fish species utilizing inshore nursery habitats may have 
adapted to use cues from other habitats, including sound and chemical stimuli 
from mangrove or seagrass vegetation. These conceptions will be investigated 
and discussed in this thesis.
Movement patterns of (sub)adults
While the sensory mechanisms that fish might use to locate habitats have 
mainly been studied in fish larvae or early juveniles, research concerning actual 
movement patterns has often focused on larger individuals, due to the difficulty 
of tagging and tracking very small fish. 
Movement of juveniles and adults can either be density-dependent or 
density-independent, although it can be difficult to empirically determine 
which processes are linked to movement (Lizaso et al. 2000, Sale et al. 2005). 
Density-independent movement patterns include movement within a home 
range, directional migrations taking place seasonally or ontogenetic habitat 
shifts, whereas density-dependent movement is mainly the result of (negative) 
interactions with conspecifics, prey or predators (Grüss et al. 2011). During a 
specific life stage, many coral reef fishes are relatively site-attached and exhibit 
strong site fidelity (Zeller 1997, Marnane 2000, Lindholm et al. 2006). Even though 
differences between day and night activity spaces exist due to differences in 
activity pattern (i.e. resting vs. foraging), movement often occurs within relatively 
small home ranges (Verweij et al. 2007, Meyer et al. 2010, Farmer and Ault 2011). 
However, as fish grow they may change diet, need larger shelter habitats, and 
eventually find suitable mates to reproduce. Habitat shifts might therefore be 
necessary to optimize the utilization of a habitat’s resources. 
The potential for fish to move between habitats or relocate their home range 
might be influenced by differences in habitat quality or the presence of physical 
barriers (Kramer and Chapman 1999, Turgeon et al. 2010). Heterogeneity in the 
seascape can lead to the formation of metapopulations (Shima et al. 2010), which 
are defined as local populations that inhabit discrete habitat patches connected 
through interpatch migration (Hanski and Gilpin 1997). In recent years, the 
metapopulation concept has been increasingly used in marine ecology (Kritzer 
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and Sale 2006), indicating the importance of knowledge about the connectivity 
of distinct habitats such as found in the tropical seascape. In this thesis, the 
effect of fish movement among mangrove, seagrass and coral reef habitats on 
metapopulation structure will be discussed.
Measuring fish movement
Movement patterns can be quantified directly and indirectly with many 
techniques encompassing internal and external artificial marks or tags as 
well as naturally occurring chemical and isotopic markers (Gillanders 2009). 
Externally visible artificial tags are widely used due to their low costs and 
easy recognizability of individuals. Previous studies showed that the mortality 
rate of tagged fish was low (Verweij and Nagelkerken 2007) and tags did not 
alter feeding behavior (Berumen and Almany 2009). Several studies provided 
evidence for movement between mangroves and seagrass beds, and sometimes 
movement toward the coral reef by use of artificial tags (Burke 1995, Dorenbosch 
et al. 2004a, Verweij et al. 2007). Unfortunately, these methods are only useful 
for identification of short-term movement patterns due to algal overgrowth 
(Dorenbosch et al. 2004a) or loss of tags (Verweij and Nagelkerken 2007).
Internal tags are completely enclosed in the tissue of a fish and can be 
relatively small. Commonly used are coded wire tags (CWT) which are small, 
relatively cheap, applicable to large groups of fish, and have a low effect on 
mortality rate. However, fish have to be killed to retrieve the information from 
the tag (Beukers et al. 1995, Able et al. 2006, Brennan et al. 2007). This can be 
overcome by the use of acoustic tags which transmit a unique code to a receiver. 
This method already provided useful data on site fidelity, homing behavior and 
movement of coral reef fish across MPA boundaries (Eristhee and Oxenford 2001, 
Kaunda-Arara and Rose 2004, Mitamura et al. 2009, Meyer et al. 2010). Despite 
the disadvantages of tags being expensive and large, acoustic telemetry can 
supply information about actual movement and not only fixed-point measures of 
capture and recapture position. This is a promising method to determine habitat 
use and connectivity patterns of subadults between bay habitats and adjacent 
coral reefs.
Natural markers are based on variability in biological characteristics and 
are valuable tools for movement studies because they reflect the environment 
in which a fish has resided (Hobson 1999, Thompson et al. 2005). Naturally 
occurring stable isotopes and trace elements can be traced in soft tissues 
(muscle, fin) or otoliths (earbones) of fish (Gillanders et al. 2003, Rubenstein and 
Hobson 2004). In contrast to soft tissue, otoliths remain chemically inert and 
grow continuously throughout the life of a fish, preserving a life-long record 
of the fish’s environment (Campana et al. 2000, Elsdon et al. 2008). Several 
studies have found differences in otolith signatures of coral reef fish collected 
in different habitats or regions (e.g. Gillanders and Kingsford 1996, Dufour 
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et al. 1998, Chittaro et al. 2004, Lara et al. 2008) allowing them to be useful as 
natural tags. However, in order to determine connectivity among populations, 
documenting spatial variation in otolith signatures is not enough. To reconstruct 
adult dispersal, otolith chemistry of fish of unknown origin need to be compared 
to otolith signatures of fish of known origin (Gillanders 2009). Only recently, a 
few studies have taken the step beyond merely describing spatial variation, and 
actually provided evidence of movement between juvenile nurseries and adult 
habitats (Nakamura et al. 2008, Rooker et al. 2008a, 2008b, Verweij et al. 2008, 
Mateo et al. 2010). Lastly, to determine the actual contribution of juvenile habitats 
to the adult population, studies need to ensure that all possible juvenile source 
areas are measured. Furthermore, temporal and spatial variation has to be taken 
into account, and estimates of natal origin should be related to the actual density 
of fish.
In this thesis, both acoustic telemetry and otolith chemistry will be used to 
investigate movement patterns across the tropical seascape, and evaluated for 
their potential in determining connectivity.
Thesis outline
Revealing movement patterns and mechanisms of coral reef fish species which 
are associated with nursery habitats during their juvenile life stage will allow 
us to determine connectivity patterns between local populations. Connectivity 
is a crucial parameter in models of marine population dynamics, and therefore 
highly important for the management of marine protected areas. This thesis 
contains thorough behavioral and movement studies of fish species that make 
multiple habitat transitions throughout their life cycle, and intends to provide 
a better insight into the orientation, dispersal and migration of coral reef fish 
species in their environment.
First, this thesis will address the question which sensory modalities are used 
by early juveniles of a coral reef fish to find inshore nursery habitats. Several 
in and ex situ choice experiments were set up to answer this question. All these 
studies were carried out on the island of Curaçao, in the Southern Caribbean Sea, 
where most inland bays harboring mangroves and seagrass beds have only a 
very small opening to the coral reef (<100 m wide). This could make it difficult to 
find non-reef habitats for post-larval fish. Nevertheless, small juveniles of some 
coral reef fish species are found in high densities in the bays and are almost 
never observed on the reef. To end up in seagrass beds and mangroves inside 
bays, fish might thus actively search for bay entrances. Besides cues emitted by 
a particular habitat, the presence of individuals of the same species may be a 
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useful cue to locate a suitable habitat. Previous studies have shown that fish can 
respond to chemical, acoustical and visual cues of conspecifics, yet in this thesis 
only visual conspecific cues will be studied.
Three sensory mechanisms which can be used to discriminate between 
habitats are investigated in this thesis. Chapter 2 describes an ex situ experiment 
in which the response of post-larval fish toward different types of water was 
investigated. Water collected in mangroves, seagrass beds and coral reefs was 
presented to test fish in consecutive combinations of two water types in a choice 
chamber. The results of this study are combined with visual and acoustical cue 
experiments in chapter 3. Due to the different spatial scales over which cues 
operate, it is very likely that multiple cues are used subsequently in order to find 
suitable settlement sites. Therefore, the response of fish toward olfactory cues 
from bay and reef water, and auditory and visual cues from four different habitats 
(mangroves, seagrass beds, coral reef, rubble), including rubble which is the 
initial settlement habitat of our focal fish species, was investigated. Additionally, 
the interactive effect of two cues (olfactory habitat cues vs. visible conspecific 
cues) was studied to explore a possible hierarchy between multiple cues.
Habitat shifts often occur as a result in changing needs of an animal, and 
therefore a good habitat for settling larvae does not necessarily have to be a 
good habitat for juveniles and adults as well. Chapter 4 describes two in situ 
experiments in which the attraction toward visual habitat and conspecific cues 
was tested in different life stages of our focal species. Besides testing which 
microhabitat structure (mangrove, seagrass, rubble or coral) was preferred most 
throughout ontogeny, the additive effects of the presence of conspecifics or 
heterospecifics were investigated as well. 
The following chapters of this thesis focus on the understanding of dispersal 
and movement patterns of coral reef fish. Firstly, we investigated whether some 
nursery fish species can use alternative habitats like shallow patch reefs on 
nearshore shelves if mangroves and seagrass beds are locally scarce (chapter 
5). To achieve this, the distribution among habitats was determined for early 
juveniles of four nursery species and four non-nursery species.
In chapter 6, individual differences in bay-to-reef movement patterns in 
(sub)adult fish are studied by the use of acoustic telemetry. Seventy-two fish 
of different body length were tagged and tracked over a period of 12 months. 
Besides testing to what extent body size and location of territory within the 
seascape influence the activity space of fish, this study provided us with data 
to investigate the hypothesis that habitat shifts occur abruptly, as opposed to a 
stepwise process with fish slowly moving from inshore habitats toward the coral 
reef.
To understand how reef populations are replenished through spatially 
separated nursery areas, chapter 7 investigates the island-wide dispersal of a reef 
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fish that grows up in seagrass beds. By use of a spatial model, the contribution 
of different nursery areas to the adult population and the dispersal of adults 
along the reef was simulated. Additionally, the actual origins of adult reef fish 
were traced by natural tags in fish earbones, and dispersal patterns deduced 
from this method were compared to the predictions made by the spatial model. 
This combined approach resulted in a thorough understanding of fish dispersal 
and the contribution of different source areas to the reef population, which is 
acknowledged as a critical science gap in understanding ecosystem connectivity.
The main findings are summarized and discussed in the synthesis, chapter 
8. 
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Fish species
Throughout this thesis the most important fish species are:
French grunt – Haemulon flavolineatum – chapters 2, 3, 4
Schoolmaster snapper – Lutjanus apodus – chapter 6
Yellowtail snapper – Ocyurus chrysurus – chapter 7

Chapter 2
Post-larval French grunts (Haemulon 
flavolineatum) distinguish between 
seagrass, mangrove and coral reef 
water: implications for recognition of 
potential nursery habitats
Chantal Huijbers
Eefke Mollee
Ivan Nagelkerken
Journal of Experimental Marine Biology and Ecology 
(2008) 357: 134-139 
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Chapter 2
Abstract
 
Environmental cues like sound, magnetic field, oceanic currents, water 
chemistry or habitat structure are believed to play an important role in the 
orientation of reef fish toward their settlement habitat. Some species of coral reef 
fish are known to use seagrass beds and mangroves as juvenile habitats. Once 
oceanic larvae of these fish have located a coral reef from the open ocean, they 
still have to find embayments or lagoons harboring these juvenile habitats. The 
sensory mechanisms that are used for this are still unknown. In the present 
study, experiments were conducted to investigate if recruits of the French grunt 
(Haemulon flavolineatum) respond to habitat differences in water type, as mangrove/
seagrass water may differ in biotic and abiotic compounds from coral reef water. 
Our results show that post-larvae of a reef fish that is highly associated with 
mangroves and seagrass beds during its juvenile life stage, choose significantly 
more often for water from mangroves and seagrass beds than for water from the 
coral reef. These results provide a more detailed insight in the mechanisms that 
play a role in the detection of these juvenile habitats.
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Recognition of potential nursery habitats by differences in water types
Introduction
Most coral reef fish species have a pelagic larval stage during which they 
change from poorly developed plankton into nekton with strong swimming and 
orientation abilities (Leis and McCormick 2002, Leis 2006). To detect suitable 
habitats to settle in, fish larvae often use environmental cues. Previous studies 
suggested that these larvae do not randomly swim toward a settlement habitat, 
but actively orientate themselves using cues such as sound, wave motion, 
magnetic fields, chemical compounds or solar direction (Kingsford et al. 2002, 
Myrberg and Fuiman 2002). Thus far, only the visual, olfactory and auditory 
senses have been found to be functional in settling coral reef fishes (Sweatman 
1988, Atema et al. 2002, Simpson et al. 2004, Lecchini et al. 2005a, 2005b, Leis 
and Lockett 2005, Arvedlund and Takemura 2006, Leis 2006). Considering the 
large distances over which larvae of some coral reef fish species often have to 
travel to find a coral reef, sound has been suggested as a highly effective cue as 
acoustic signals can travel great distances in all directions (Popper and Carlson 
1998, Tolimieri et al. 2000). Olfaction and vision may be of higher importance 
over short ranges, yet knowledge about the use of these two senses for habitat 
recognition is still very poor. 
Besides coral reef fish species that settle directly on the reef, some species 
are known to use back-reef habitats, like seagrass beds and mangroves, during 
their juvenile life stage (Nagelkerken et al. 2000a, 2000c, Heck et al. 2003). These 
species recruit into bays, lagoons or estuaries harboring mangroves and/or 
seagrass beds, and stay there for at least a few months. These habitats provide a 
high abundance of food and a low predation pressure compared to the coral reef 
(Parrish 1989, Laegdsgaard and Johnson 2001, Verweij et al. 2006a), and as such 
they may favor growth and survival of the fishes (Dahlgren and Eggleston 2000). 
Ontogenetic habitat switches between mangroves and seagrass beds are known 
to occur for some of these species (Verweij et al. 2006b). At a certain point, the 
fish are assumed to undertake a one-directional ontogenetic migration to their 
adult habitat, the coral reef (Parrish 1989, Nagelkerken and van der Velde 2002, 
Eggleston et al. 2004). 
It is unknown how oceanic larvae of coral reef fish species which show 
this spatial separation between their juvenile and adult habitat find seagrass 
and mangrove habitats. On Caribbean islands, these two juvenile habitats 
are often located in partly enclosed or sheltered environments (e.g. lagoons 
and embayments), sometimes only connected to the coral reef by a narrow 
and shallow channel. This means that when fish larvae from the open ocean 
have located an island with coral reefs, they still need to find these sheltered 
mangrove/seagrass habitats. 
It has been shown that megalopae of the blue crab (Callinectes sapidus) 
orientate toward nursery areas with seagrass beds using specific habitat odors 
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(Forward et al. 2003). Atema et al. (2002) and Gerlach et al. (2007) found that 
larval Apogonidae are able to distinguish between water plumes from different 
reefs by use of their olfactory senses. Lagoonal water originating from mangrove 
and seagrass habitats often flows out onto the coral reef at low tides, where it 
can form a distinct down-current plume. Differences in the characteristics 
(e.g. temperature, salinity, concentration of trace elements) of lagoonal water 
compared to reef water might play an important role in the orientation of 
mangrove/seagrass-associated fish species to find their settlement habitat. Hence, 
we hypothesize that larvae of some coral reef fish species find their juvenile 
mangrove/seagrass habitats by using physical–chemical differences in water 
type. In the present study, we tested whether recruits of the Caribbean French 
grunt (Haemulon flavolineatum) are able to distinguish between the coral reef and 
lagoonal habitats in ex situ choice experiments. 
Material and methods
Study site and species
Choice experiments were carried out between June and August in 2006 and 
in 2007 in Curaçao (Netherlands Antilles) with recruits of the French grunt (H. 
flavolineatum). They were caught in a non-harmful way with a fyke net at 3 m 
depth from a sand/rubble habitat in the mouth of Piscadera Bay located at the 
sheltered south-western coast of the island (Figure 2.1). After arrival from the 
open ocean larvae settle and stay in this habitat for some months before moving 
farther into the bay (personal observation). The selected recruits had a mean (SD) 
length of 1.3 (0.24) cm, and were always collected at the end of the day preceding 
the day on which the experiments were executed. They were transported from 
the collection site to the lab in buckets with fresh seawater within 10 minutes 
after capture, and kept overnight in small groups in an aquarium with flowing 
seawater and pieces of rubble from the collection site. 
The experiments were carried out in the outside laboratory of CARMABI 
(Caribbean Research and Management of Biodiversity Foundation), which is 
located about 100 m from the capture site of the recruits (Figure 2.1). This is a 
roofed laboratory made of concrete, which is open to the surroundings from 
shoulder height to the top of the building. There was no electrical equipment 
nearby that could possibly make vibrations sensible to the fish during the tests. 
As the experiments were carried out during daytime no artificial lightning was 
needed to lighten the laboratory. 
Experimental setup
A rectangular flow tank was built following the design of Atema et al. (2002), in 
which a fish is offered two different laminar water flows. The test area in which 
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the fish were able to swim was 11 × 5 cm, with a water depth of 2.5 cm. In the 
inflow compartment the two water flows were separated through a 6 cm long 
longitudinal barrier. Tests with dye showed perfect flow separation in the test 
area following the barrier, where the fish could swim freely between the water 
masses. This flow balance was tested before the start of each experiment using 
a new fish. A down-current screen kept the fish from washing out at the end of 
the flow tank. The width of the tapered outflow end could be regulated for the 
desired water flow and water level. The fish were not able to see through the sides 
of the flow tank, and the tank itself was put in a larger aquarium with darkened 
sides to ascertain that the fish could not be influenced by the surroundings of the 
tank. A constant flow forced the fish to keep swimming up-current as a result of 
which they were not influenced by the observer who was observing them from 
behind. The tank was placed in an East-West orientation to avoid fish potentially 
reacting to the Earth’s magnetic field. 
Water was collected every morning from the three habitats and stored in 
25-liter buckets for same day use. Seagrass and mangrove water were collected 
in Piscadera Bay, while reef water was collected from the surface above the 
reef adjacent to this bay (Figure 2.1). Piscadera Bay is fringed by the mangrove 
Rhizophora mangle growing along the entire shoreline, and by adjacent seagrass 
Piscadera Bay
Curaçao
N
500 m
SG
MG
RF
Lab
Caribbean Sea
Fish collection
site
Figure 2.1. Map of Piscadera Bay showing the locations where water for the experiments was 
collected (RF = coral reef, SG = seagrass beds, MG = mangroves), as well as the location of the 
collection site of the fish and the laboratory where the experiments were performed.
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beds of Syringodium filiforme. The tidal range in this bay is on average 30 cm 
(max 50 cm) (de Haan and Zaneveld 1959), as a result of which mangrove and 
seagrass water did not mix well due to tidal flow. The water from the reef site 
was collected around 600 m up-current from the mouth of the bay where mixing 
with outflowing mangrove and seagrass water from the bay due to tides was 
minimal. A separate bucket was used to store ‘neutral’ water from the collection 
site of the recruits. This water is considered relatively neutral as it was collected 
from the same site as where the grunts were collected, where due to its distance 
from and its intermediate location between the three studied habitats, potential 
chemical cues from these habitats could not be as strong as in the habitats 
themselves. 
Water was led from the buckets through rubber hoses to a control device that 
regulated the type of water that ran to the flow tank. This control device made 
it easy to switch from one water type to another between two consecutive water 
type combinations. Flow speed at each of the two tank inlets was set at 3 cm/s 
which was strong enough to force the fish to swim up-current, yet not completely 
exhaust them during the total test period. Flow speed was measured and 
established by filling a measuring cylinder with water from the hoses running 
to the tank inlets in a certain amount of time (1 l water in 54 s). Every day, it was 
verified that the flow speed at the two tank inlets was similar. Temperature and 
salinity were measured with a hand-held YSI 30 TDS meter in the buckets in 
the lab before each experiment and in the field at the sites of water collection to 
investigate if these factors had an effect on the choice behavior of the fish.
At the start of each experiment, a fish was acclimated in the flow tank during 
three minutes in flowing neutral water. Each fish was tested consecutively 
for three different combinations of water types in random order during three 
minutes per combination: reef vs. mangrove, reef vs. seagrass, or mangrove vs. 
seagrass. To exclude a possible effect of the side of the tank, for each of the three 
combinations the tests were repeated by switching the flow-side of the water 
type for each individual (i.e. left vs. right). In this way, a complete experiment for 
one fish lasted 21 minutes (3 min acclimatisation, plus 3 tests × 2 tank sides × 3 
min = 18 min choice test). Each fish was assigned a random consecutive pattern 
of combinations, yet after each combination (3 min) the type of water on both 
sides of the flow tank was different from the previous combination to exclude 
the possibility that the fish remained in the same water type without sensing the 
new water type on the other side of the tank. The above protocol was performed 
with 60 individual fish. In addition to the above mentioned switching of sides in 
the tank, three control tests for side of the tank were carried out, each with 12 
fish which were exposed to water from the same of three habitats at each side of 
the flow tank. 
During the experiments the swimming behavior of the fish was noted. A line 
was drawn on the bottom of the flow tank to indicate the border between the left 
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and right side of the tank. Each time a fish crossed the border farther than 3 mm 
away from the line to one of the sides of the tank, the time and side was written 
down. From this, the total time spent at each side was calculated. It mostly took 
some seconds to switch water types between two consecutive combinations, as 
a result of which a fish did not immediately have the choice between two new 
stimuli. Therefore, we excluded the first 30 seconds of each new combination for 
final analysis, leaving 2.5 minutes per combination for the analysis. 
Results
An obvious trend was visible in temperature values with warmer water in the bay 
habitats than on the reef (Table 2.1). This trend was consistent both in the field and 
the lab. Due to a higher level of evaporation in the bay, salinity values are often 
higher in seagrass and mangrove water. This trend was clearly visible for the 
values measured in the lab, but probably due to a low number of measurements 
(n = 3) this pattern was not so clear for our field values. Nevertheless, more 
extensive field sampling for another bay on Curaçao (Spanish Water Bay) clearly 
showed this pattern (Nagelkerken et al. 2000a). 
Table 2.1. Mean (SD) values of temperature and salinity, measured both in the field and the lab. 
Differences are tested with a one-way ANOVA followed by a Tukey post-hoc test. ns = not significant.
Reef Seagrass Mangroves
Temperature ( °C)
Field (n=3) 27.8 (0.1) 28.7 (0.8) 28.7 (0.4) ns
Lab (n=54) 28.9 (0.7) 29.3 (0.8) 29.2 (0.3) SG > RF ; p = 0.002
MG > RF ; p = 0.043
Salinity (ppt)
Field (n=3) 34.0 (0.2) 33.9 (0.2) 34.2 (0.1) ns
Lab (n=54) 33.6 (0.3) 34.0 (0.3) 34.2 (0.8) SG > RF ; p = 0.002
MG > RF ; p < 0.001
Due to a constant flow in the flow tank the fish were forced to swim up-
current during the experiment. All fish frequently meandered from side to side, 
which ascertained that they sensed both water types offered. Most fish clearly 
showed a preference for one of the two water types offered, but still switched to 
the other side sometimes showing constantly active behavior investigating water 
from the different habitats. In 57% of the total time tested, fish made a distinct 
choice for the left or right side. During the rest of the time the recruits did not 
make a clear choice and remained on the border between the two water flows. 
A statistical analysis was performed to test if the sequence in which a fish 
was offered the six different water type combinations affected their behavioral 
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response. A one-way ANOVA showed that the responses to water from a specific 
habitat in the first combination of water types were consistent with responses 
later in the sequence (one-way ANOVA followed by a post-hoc Tukey HSD; p ≥ 
0.055). Following these results, we concluded that there was no effect of the order 
in which combinations were offered to the fish. 
In the control tests, the fish showed no significant preference for a specific 
side of the tank (Figure 2.2). This shows that tank side did not have an effect on 
the choice of the fish, and therefore we combined the results of the two side-
inverted possibilities of a habitat combination, which means that for example 
data from the reef vs. seagrass and seagrass vs. reef combinations were averaged 
per habitat per fish. 
Analysis of the test data showed a significant difference in the choice of the 
fish between either two water types from the bay and reef water (Figure 2.3A 
and B), where fish chose more often for seagrass and mangrove water. Within 
bay habitats, there was no preference for mangrove or seagrass water (Figure 
2.3C).
Discussion
Our results indicate that recruits of the French grunt, H. flavolineatum, show a 
significant preference for water from seagrass and mangrove habitats over water 
from the coral reef. H. flavolineatum is known to typically use seagrass beds and 
mangroves as juvenile habitats (Nagelkerken et al. 2000a, 2000c). The present 
study provides support for the hypothesis that recruits possibly find these bay 
habitats using differences in water type. Usage of water type as an environmental 
cue has been shown for coral reef fish species that do not use mangroves and 
seagrass beds as juvenile habitats, but settle directly on the coral reef (Sweatman 
1988, Atema et al. 2002, Lecchini et al. 2005a). The present study is the first to 
show that recruits of a coral reef fish species which is highly associated with 
mangroves and seagrass beds during its juvenile stage show a preference for 
water from both these juvenile habitats over water from the adult habitat. 
We have statistically analyzed the setup of our experimental design, and 
the results show no bias of preference of fish for any side of the tank, and no 
effect of the order of sequence offered either. Identical to other studies, recruits 
did not always make a choice between two different water types, which may be 
due to the fact that the flow speed was somewhat lower at the border between 
two water masses. Yet, the amount of time fish spend in the middle part of the 
tank (43%) was much lower than that in other studies with comparable choice 
experiments (92%: Atema et al. 2002, ± 68%: Lecchini et al. 2005a). 
The differences between water types to which the fish responded could 
be the result of a variety of biotic as well as abiotic variables. Water from bays 
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Figure 2.2. Mean (+SE) percentage of time spent at each side of the flow tank during the control tests. 
RF = coral reef water, SG = seagrass water, MG = mangrove water. These graphs represent choices 
of the fish in 50% of the total time measured as 50% of the time was spend in the middle of the tank. 
p-values show results of a paired t-test (α = 0.05).
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Figure 2.3. Mean (+SE) percentage of time spent in each water type during the choice tests. RF = 
coral reef water, SG = seagrass water, MG = mangrove water. These graphs represent choices of 
the fish in 57% of the total time measured as 43% of the time was spend in the middle of the tank. 
p-values show results of a paired t-test (log(x+1)-transformed) (α = 0.05).
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that harbor seagrass beds and mangroves probably contains different chemical 
compounds (from plants, sand, bacteria and food organisms) than water from 
the coral reef (Arnold and Targett 2002). Concentrations of these compounds 
can vary on temporal scales and generate chemical gradients which guide post-
larval fish to habitats in the embayments (Kingsford et al. 2002). Furthermore, 
the presence of odors from other fish in the water might as well contribute to 
the orientation toward a habitat by juvenile fish (Courtenay et al. 2001, Døving 
et al. 2006). The measured values for temperature and salinity in the lab showed 
significant differences between bay and reef water, which reflected the differences 
in preference for habitat water type of the recruits. It is unknown, however, 
whether temperature and salinity have acted as possible contributing factors. 
So far, little is known about the specific composition of the different water types. 
Therefore we can only speculate about which elements in the water contribute 
to the ability of mangrove/seagrass-associated species to find their juvenile 
habitat. Nevertheless, by using untreated water samples collected directly from 
the habitats investigated, all these factors which could possibly create variations 
between water types were included in our experiments. 
Other cues that are believed to play a role during the settlement stage of coral 
reef fish, like sound or the influence of the Earth’s magnetic field, were excluded 
in this study, and the control tests showed no preference for a specific side of 
the flow tank. Therefore, it is likely that physical–chemical cues of the water 
played a role in the choice of the recruits. Other species than coral reef fish, such 
as sea turtles, invertebrates or salmonid fish have been shown to distinguish 
between water with differences in chemistry (Grassman et al. 1984, Quinn 
and Tolson 1986, Forward et al. 2003). Settlement-stage reef fishes are known 
to have well-developed nasal olfactory organs and are thus able to use this for 
habitat detection (Atema et al. 2002, Wright et al. 2005, Arvedlund and Takemura 
2006). Differences in water types between habitats could be detected through 
the olfactory capabilities of a fish. To verify the plausibility that olfaction is an 
important cue to detect settlement habitat, experiments should be conducted to 
test if this water preference is absent in fish with impaired olfaction. 
In conclusion, this study shows that H. flavolineatum recruits can clearly 
distinguish between water types from different habitats and that they show a 
preference for water from seagrass beds and mangroves over that from the coral 
reef. This provides a more detailed insight into the mechanism how mangrove/
seagrass-associated fish find their juvenile habitats. 
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Abstract
Habitat-specific cues play an important role in orientation for animals that move 
through a mosaic of habitats. Environmental cues can be imprinted upon during 
early life stages to guide later return to adult habitats, yet many species must 
orient toward suitable habitats without previous experience of the habitat. It is 
hypothesized that multiple sensory cues may enable animals to differentiate 
between habitats in a sequential order relevant to the spatial scales over which 
the different types of information are conveyed, but previous research, especially 
for marine organisms, has mainly focused on the use of single cues in isolation. 
In this study, we investigated novel habitat selection through the use of three 
different sensory modalities (hearing, vision and olfaction). Our model species, 
the French grunt, Haemulon flavolineatum, is a mangrove/seagrass-associated reef 
fish species that makes several habitat transitions during early life. Using several 
in and ex situ experiments, we tested the response of fish toward auditory, olfactory 
and visual cues from four different habitats (seagrass beds, mangroves, rubble 
and coral reef). We identified receptivity to multiple sensory cues during the 
same life phase, and found that different cues induced different reactions toward 
the same habitat. For example, early-juvenile fish only responded to sound from 
coral reefs and to chemical cues from mangroves/seagrass beds, while visual 
cues of conspecifics overruled olfactory cues from mangrove/seagrass water. 
Mapping these preferences to the ecology of ontogenetic movements, our results 
suggest sequential cue use would indeed aid successful orientation to novel key 
habitats in early life.
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Introduction
The ability of animals to acquire information from their environment is essential 
for orientation toward suitable habitats, and ultimately influences fitness and 
survival. Multiple environmental cues, both biotic and abiotic, can guide 
animals through a mosaic of different habitats. To act upon these cues, sensory 
systems must develop and tune in on accurate and relevant information, which 
will vary among species, and may change for different life phases within a 
species. The use of multiple cues for orientation has been shown for various 
terrestrial animals (e.g. birds: Åkesson and Hedenström 2007; insects: Renwick 
and Radke 1988, Brevault and Quilici 2010; mammals: Rossier et al. 2000). In the 
marine environment, animals encounter a different suite of cues to those on land. 
Differences in water chemistry, wave motion, currents, magnetic fields, light, 
and variation in ambient noise are examples of possible orientation cues in water 
(Lohmann et al. 2008a). These stimuli vary in concentrations, gradients and 
intensities on temporal and spatial scales throughout the seascape. Many taxa 
are known to use sensory information for short- and long-distance orientation 
(moving relative to the environment) and navigation (movement toward a goal), 
including whales (Walker et al. 1992), turtles (Avens and Lohmann 2003), sharks 
(Collin and Whitehead 2004), salmonid fish (Dittman and Quinn 1996), reef fish 
(Myrberg and Fuiman 2002) and crabs (Radford et al. 2007).
The attractiveness of habitat-specific cues can be positively affected by 
early experience in dispersing animals (Aubret and Shine 2008). Moreover, the 
fitness of an animal can be greatly enhanced if natal experience provides an 
accurate estimate of habitat quality (Stamps and Davis 2006). The successful 
return to natal habitat by use of different environmental cues is observed in 
both terrestrial (e.g. lizards: Freake 2001; pigeons: Walcott 2005; ants: Steck et al. 
2009) and marine (e.g. salmon: Dittman and Quinn 1996; reef fish: Dixson et al. 
2008; sea turtles: Lohmann et al. 2008b) species. These homing mechanisms are 
often based on the idea that larvae or juveniles imprint on habitat cues associated 
with their natal origin, and utilize this prior experience to return to the same 
areas as their parents. However, our understanding of the abilities of animals to 
use environmental cues to find novel habitats without prior experience remains 
limited. This ability is critical for the many organisms that have a dispersive 
larval life stage but do not have the opportunity to imprint on habitat cues prior 
to their dispersal away from adult reproductive habitats.
Theory suggests that for locating novel habitat, multiple cues are used 
simultaneously or in sequential order, depending on strengths of gradients 
and the distance from the source (Kingsford et al. 2002). While sound and 
chemical cues can produce gradients on large spatial scales (kilometers), visual 
cues are useful only at small distances (a few meters) (Kingsford et al. 2002, 
Leis and McCormick 2002). Besides cues emitted by habitats, conspecifics and 
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heterospecifics also provide cues to which animals can respond (Gebauer et al. 
2002, Lecchini et al. 2005a, Huijbers et al. 2011). Since different cues operate over 
different spatial scales and habitat requirements change with ontogeny, sensory 
preferences of animals may adapt according to their life stage and local sensory 
environments.
The majority of demersal marine organisms, including almost all of the rich 
diversity of fauna found on coral reefs and associated tropical coastal ecosystems, 
display a two-phase life history strategy with a potentially dispersive oceanic 
larval stage followed by a sedentary adult phase (Caley et al. 1996). Thus, almost 
without exception, reef animals including fish face the challenge of finding 
suitable benthic habitat after completing an offshore larval phase. During 
their pelagic phase, coral reef fish larvae quickly transform from plankton into 
competent swimmers with well-developed receptor organs for sensing their 
environment, attributes which in combination could enable orientation toward 
specific settlement sites (Leis 2006). A suite of tropical reef fish species have been 
shown to respond toward acoustic, visual or olfactory cues to locate reefs (Atema 
et al. 2002, Lecchini et al. 2005a, Simpson et al. 2005, Montgomery et al. 2006) and 
on a smaller spatial scale to discriminate between habitats (Lecchini et al. 2007a, 
Huijbers et al. 2008) and find conspecifics (Døving et al. 2006, Igulu et al. 2011). 
Despite the fact that multiple cues potentially influence behavior in an additive 
or consecutive manner, previous research on coral reef fish has mainly focused 
on the use of single cues in isolation. Hence our understanding of potential 
multiple cue use and the possible sequence or hierarchy of cues used remains 
rudimentary.
In the current study, multiple cue use by early juveniles was investigated 
using a mangrove/seagrass-associated reef fish species: the French grunt, 
Haemulon flavolineatum. This species displays sequential ontogenetic habitat 
shifts from the open ocean, where embryonic and larval development take place, 
first to coral rubble settlement habitats in back-reef areas, then to seagrass and 
mangrove juvenile habitats, and finally to coral reefs (Grol et al. 2011a), making 
it ideal for the investigation of multiple cue use for selecting novel habitat. 
Previous studies have shown that larval fish which settle directly on coral reefs 
can respond to auditory (Simpson et al. 2005), olfactory (Atema et al. 2002) and 
visual cues (Lecchini et al. 2007a) emanating from reefs. However, such cues do 
not provide sufficient relevant information to larvae that settle and spend part of 
their life cycle in non-reef environments. We therefore tested the hypothesis that 
early-juvenile French grunts possess adaptive orientation behavior, and tested 
for directional responses to multiple cues from mangroves and seagrass beds 
as well as from coral reef habitat. Multiple in and ex situ choice experiments 
were designed to test for responses to a) habitat-specific sound, b) habitat-
specific visual structures, and c) habitat-specific olfactory cues. Additionally, the 
interactive effect of visual cues from conspecifics with olfactory habitat cues was 
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tested to explore hierarchy or conflict between multiple cues. The findings of 
this study provide much-needed information on the mechanisms and adaptive 
behavior that enable successful orientation toward suitable juvenile habitat, and 
highlight how young reef fish may utilize all the information available to find a 
sequence of habitats before recruiting to their final adult habitat.
Material and methods
Study site and species
The French grunt, Haemulon flavolineatum, is one of the most common fish species 
in the Caribbean and shows ontogenetic movements among coastal habitats 
(Nagelkerken 2007). In this study, fish with a standard length of 8–30 mm were 
collected from a sand/rubble habitat in the mouth of Spanish Water Bay and 
Piscadera Bay on the Caribbean island of Curaçao, Netherlands Antilles (12°07’N, 
68°55’W), where settlement of this species in Curaçao is at naturally high levels. At 
sizes below 5 cm total length, French grunts are diurnally active zooplanktivores, 
in contrast to larger fish that are typically nocturnal zoobenthivores (Verweij et 
al. 2006b). Fish were caught with a fyke net at 3–4 m water depth and transported 
in buckets with fresh seawater from the collection site to the laboratory at the 
end of the day prior to each experiment. Fish were housed overnight in aerated 
flow-through aquaria and were not fed. Each fish was only used once in one cue 
experiment and fish were tested individually in all experiments. Fish that were 
used for acoustic experiments were housed without bubblers, as the acoustic 
conditions of the housing environment can influence subsequent behavior in test 
arenas (Simpson et al. 2010), and may cause temporary damage to their hearing 
(Tolimieri et al. 2004).
Ex situ olfactory cue experiments were carried out in the outdoor laboratory 
of CARMABI (Caribbean Research and Management of Biodiversity Foundation), 
which is located next to Piscadera Bay. A shallow sandy flat in front of the 
laboratory was used for in situ cage experiments in which the response to visual 
and acoustical cues was studied. All experiments were carried out during 
daylight hours between 09:00 and 18:00.
Experimental design
Three different choice experiments were designed to investigate the response 
of fish toward acoustic, olfactory and visual cues from specific habitats. Two 
of these cues were tested in an in situ setup in which other cues were excluded, 
and thus the effect of that particular cue alone was examined. The first in situ 
experiment tested if fish display a directional response toward habitat-specific 
sounds from four different habitats (seagrass beds, mangroves, rubble, coral 
reef). This study was conducted with one type of sound per trial, whereas the 
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other two experiments with visual and olfactory cues tested competing stimuli. 
The second in situ experiment tested the response toward visual habitat cues 
using a multiple-choice design with four different microhabitats (rubble, coral 
reef, mangrove and seagrass) presented simultaneously. Subsequently, the 
experiment was conducted with visual cues from microhabitat vs. conspecifics 
or heterospecifics. Olfactory cues were tested ex situ using a flow tank in which 
two different water types (bay water vs. coral reef water) were offered to the 
fish. In this last experiment, conspecifics were visible on the sides of the flow 
tank, testing the interactive effect of conflicting olfactory habitat cues and visual 
conspecific cues.   
Behavioral arena: acoustic cues
We designed an acoustically transparent 2.5 m long cylinder (Ø 0.35 m) from wire 
mesh (5 mm mesh size) (Figure 3.1A), which was placed at a depth of ~2 m above 
a sandy bottom >50 m away from any vegetated or reef habitat. Electrovoice UW-
30 underwater speakers (frequency response 0.1–10 kHz, Lubell Labs, Columbus 
Ohio, USA, set to broadcast sound ~10-15 dB above ambient levels at 105 dB 
re 1 μPa at 1 m) were placed on either side of the cage. The sounds that were 
broadcast by the speakers were recorded in each of the four habitats (seagrass, 
mangrove, rubble, reef) using a calibrated omnidirectional hydrophone (HiTech 
HTI-96-MIN with built-in preamplifier, High Tech Inc., Gulfport Mississippi, 
USA) and an Edirol R-1 24-Bit recorder (44.1 kHz sampling rate, Roland Systems 
Group, Bellingham Washington, USA; gain level calibrated using a 1 kHz sine 
wave produced by a signal generator and measured with an oscilloscope during 
the recording). To avoid potential pseudoreplication introduced by using a 
single recording in playback experiments (Slabbekoorn and Bouton 2008), the 
recording of each habitat consisted of six 3-minute sound fragments (Table 3.1). 
These fragments varied with time of day, season, and water depth, and ensured 
that we were investigating a general response by fish to the noise of each type 
of habitat. There was clear heterogeneity in the sounds recorded in the four 
different habitats (one-way ANOVA of root mean square broadband intensity, 
F3,18 = 8.87, p = 0.001), characterized by higher broadband intensity of sound in 
hard-substrate (reef and rubble) habitats, higher levels of low-frequency (100–
1000 Hz) sounds in the hard-substrate environments (which are likely to be fish 
vocalizations (Simpson et al. 2008a)), and peaks in higher frequency noise likely 
to be invertebrate noises in soft-substrate habitats at 1100–1200 Hz and in hard 
substrates at 1500–1700 Hz (Figure 3.2). This suggests that the different habitats 
all had distinct characteristics and that the recordings were characteristically 
different as treatments for choice chamber experiments.
In each experiment only one fish was tested at a time in the chamber. In total 
50–58 fish were tested per habitat-specific sound. During a trial, sound from only 
one type of habitat was played by one speaker, and the speaker on the opposite 
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Figure 3.1. Schematic drawing of experimental setup for testing A) acoustic cues, B) visual cues, and 
C) olfactory cues combined with visual conspecific cues.
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side of the cage was silent and acted as a control. Habitat sound treatment and 
broadcasting speaker side were changed randomly after each experiment to rule 
out any cage effects. We did not use a choice test between two different sounds 
to avoid creating a very artificial scenario with two acoustic gradients from 
contrasting but very nearby habitats.
To determine the gradient in sound intensity in the cage, we took recordings 
during playback at five positions along the experimental setup, and used 
Avisoft-SASLab Pro (Avisoft Bioacoustics, Berlin, Germany) to calculate root 
mean square broadband noise levels at each location. If a cylindrical model of 
sound propagation (which is well suited to the shallow-water environment of 
the study (Au and Hastings 2009, Simpson et al. 2010)) is used to estimate the 
gradient of sound in the chamber, the prediction is that at between 5 and 7.5 m 
from the speaker there would be a 1.75 dB decrease in the sound level within 
the chamber. Recordings taken on four occasions during playback of reef noise 
along the axis of the chamber matched this prediction with a mean drop in the 
sound level of 1.78 dB.
The cage was visually divided into three sections: high sound, middle and 
low sound. At the start of an experiment when the sound started playing, one fish 
was introduced into a small wire cylinder at the center of the cage and allowed 
to acclimatize for a period of three minutes. The small cylinder was removed 
after the acclimatization period and the behavior of the fish was observed from 
a distance of 2–3 m perpendicular to the middle of the cage for 15 minutes using 
snorkeling gear, and the time spent by each fish in each section of the cage was 
recorded.
Table 3.1. Details of the sound recordings that were used for playback in acoustic cue experiments.
Habitat Location Date Time Water depth (m)
Seagrass Piscadera Bay 17 Aug 2006 8:00 0.5
Spanish Water Bay 26 Mar 2007 10:25 1.0
Spanish Water Bay 16 Aug 2006 11:30 0.5
Spanish Water Bay 9 Mar 2007 13:20 1.0
Piscadera Bay 17 Aug 2006 13:40 0.5
Spanish Water Bay 16 Aug 2006 16:50 0.5
Mangrove Piscadera Bay 18 Aug 2006 7:45 0.5
Spanish Water Bay 26 Mar 2007 10:15 0.5
Spanish Water Bay 16 Aug 2006 10:45 0.5
Spanish Water Bay 9 Mar 2007 13:10 0.5
Piscadera Bay 17 Aug 2006 14:15 0.5
Spanish Water Bay 14 Aug 2006 16:00 0.5
Coral reef Piscadera Bay 17 Aug 2006 7:15 6.0
Spanish Water Bay 9 Mar 2007 11:10 15.0
Spanish Water Bay 9 Mar 2007 11:25 5.0
Spanish Water Bay 16 Aug 2006 12:20 6.0
Piscadera Bay 15 Aug 2006 14:45 15.0
Spanish Water Bay 16 Aug 2006 16:15 6.0
Rubble Piscadera Bay 17 Aug 2006 7:40 6.0
Piscadera Bay 15 Aug 2006 10:10 2.0
Spanish Water Bay 26 Mar 2007 11:20 3.0
Piscadera Bay 15 Aug 2006 14:10 2.0
Spanish Water Bay 5 Sep 2007 13:05 5.0
Spanish Water Bay 8 Sep 2007 16:00 5.0
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Figure 3.2. Analysis of the sounds recorded at four different habitats. (A) Spectrogram of a typical, 
randomly selected, 5-sec sample from one of the 5 or 6 replicates from each habitat. The shade ramp 
is constant for all four habitats (dark = more intense), demonstrating the higher sound levels in the 
reef and rubble habitats. Tall (broad spectra) vertical lines are snapping shrimp snaps, and are rare 
in the mangrove and largely absent from the seagrass recordings. (B) Mean spectral level units for 
5 or 6 recordings from each habitat, highlighting the greater levels of low frequency (100–1100 Hz) 
sounds in the reef and rubble recordings. (C) Principal Component Analysis of the 1/3 octave spectral 
levels for 5 or 6 recordings from four different habitats (1 mangrove and 1 rubble recording were cor-
rupted). Polygons show the outer boundaries of the distribution of habitats for each class.
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Behavioral arena: visual cues
A square cage (1.0 × 1.0 × 0.7 m, Figure 3.1B) was constructed with iron rods (Ø 8 
mm) and covered with wire mesh (5 mm mesh size), except for the bottom part, 
which rested at a depth of ~4 m on the sandy substratum, to test the response 
of focal fish toward visual cues. Triangular boxes, made with Plexiglass with a 
transparent glass front pane, were placed in each corner of the cage, surrounding 
a large central sandy area without any visual structures. The tops of the boxes 
were closed with lids during the experiments to ensure that chemical cues did 
not exude from the contents of the box. Between experiments the lids were 
opened to provide fresh seawater to each box.
In the first series of experiments each box contained one of four microhabitats. 
These microhabitats were constructed with live pieces collected in the field, 
namely mangrove roots (Rhizophora mangle), seagrass plants (Thalassia testudinum), 
rubble (small pieces of dead and broken coral), and a coral habitat created 
from living hard corals and sponges (e.g. Porites porites, Meandrina meandrites, 
Desmapsamma anchorata). In the second series of experiments the boxes were filled 
with rubble alone, rubble and three conspecifics, rubble and three heterospecifics, 
or three conspecifics alone. Rubble was used because this was the habitat where 
H. flavolineatum naturally settle at Spanish Water Bay and Piscadera Bay and 
where the experimental fish were caught. Conspecifics and heterospecifics 
were equal in size to the experimental fish (20–30 mm) and were caught in the 
same rubble area. Juvenile ocean surgeonfish (Acanthurus bahianus) were used as 
heterospecifics, based on the observed presence of A. bahianus among schools of 
H. flavolineatum in the field.
As with the acoustical cue experiment, each fish was acclimatized within 
a small wire cylinder placed in the center of the cage for three minutes, and 
then the cylinder was removed and the fish tested for 15 minutes. Fish were 
monitored on release for natural swimming behavior. In no case was unnatural 
flight or stereotyped movement observed for test fish, or for heterospecifics/
conspecifics contained in the boxes in the respective experiments. In the habitat-
only experiment 122 fish were tested, while the experiment with conspecifics 
was conducted with 51 fish. The time spent by each fish within 10 cm of the front 
glass panes of the boxes was recorded. This resulted in a total time spent at each 
box and remaining time in the central sandy area for each individual fish. After 
every two replicate experiments the cage was turned 90° clockwise, to rule out 
directional environmental effects like wave motion, water currents or the angle 
of sunlight. In addition, the mutual positions of the boxes were switched within 
the cage after four 90° turns to create a new configuration within the cage ruling 
out any treatment position effects. 
Behavioral arena: olfactory habitat vs. visual conspecific cues
Testing olfactory cues in situ is logistically challenging due to the high solubility 
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of habitat-specific water in the surrounding ocean water. Therefore, we used an ex 
situ rectangular flow tank in which fish can switch freely between two different 
laminar water flows (Figure 3.1C), built following the design of Atema et al. 
(2002). A detailed description of the methods used in the flow tank experiments 
can be found in Huijbers et al. (2008). In this earlier study, a flow tank experiment 
found no differences in preferences of H. flavolineatum between water from the 
two soft-sediment vegetated habitats (mangrove and seagrass). Therefore, in the 
current study the response of fish to a mix of mangrove and seagrass water (bay 
water) compared to water collected on the coral reef was tested. Measurements 
of temperature found no significant difference between the two water types 
(independent t-test, t(96) = 0.229, p = 0.819). To test the interactive effect between 
visual conspecific cues and olfactory habitat cues, the flow tank was designed 
with transparent compartments (6 × 1.5 cm) on each side of the tank (Figure 
3.1C). In each side compartment, three size-matched conspecifics (10–15 mm) 
were introduced after the acclimatization period of a test fish. The test fish could 
see but not smell the conspecifics. 
The fish were acclimatized for three minutes in neutral water collected from 
the catch location which is located between the two habitat types (reef and bay). 
Subsequently, a test period of six minutes followed, during which the water type 
was switched between sides after three minutes (i.e. bay vs. reef and reef vs. bay). 
The order in which the two possible combinations of water types were offered to 
the fish was randomly assigned to rule out any side effects. This experiment was 
performed with 64 individual fish.
The swimming behavior of the fish in the different water flows was 
continuously recorded during the experiment. A line was drawn on the bottom 
of the flow tank to indicate the border between the left and right side of the tank. 
Dye tests showed perfect separation on this border between the two laminar 
water flows. Each time a fish crossed the border with >3 mm toward one side, 
the time and side was written down. From this, the total time spent at each 
side was calculated. For the final analysis, we excluded the first 30 seconds of 
each replicate experiment; tests with dye suggested that this was sufficient time 
to allow for the switch between water types in two consecutive experiments. 
Additionally, stressed fish that gave no response at all, and fish that stayed 100% 
on one side and thus might not have sensed the water type on the other side, 
during the first three minutes (before the water switch) of the experiment, were 
excluded from the analysis (23% of all fish tested), leaving 49 fish for analysis.
 
Data analysis
Experimental data for acoustical cues were tested by use of a paired-samples 
t-test to test the differences between time spent toward the sound (closest to 
the speaker) and time spent at the side farthest from the speaker. Levene’s tests 
showed that homogeneity of variances could be assumed for all data. This 
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analysis was carried out per sound for all fish combined, and additionally with 
the data divided in two size classes (<20 mm and 20–30 mm) per sound. 
The attraction toward visual cues was tested in a multiple choice design, 
and therefore repeated-measures ANOVA were performed to analyze the data. 
Mauchly’s test confirmed that the variances of the differences between conditions 
were equal for the microhabitat test data, yet this assumption was violated for 
the conspecific cue data, and therefore a Greenhouse-Geisser correction was 
used to produce a valid F-ratio. Bonferroni post-hoc pairwise comparisons were 
used to further detect differences between visual microhabitat structures or 
conspecifics within an experiment. An independent t-test was used to test for 
differences between the time spent in the central area between the two visual 
cue experiments. The habitat-only experiment was carried out with fish ranging 
in size between 8 and 30 mm, and these data were analyzed for any difference 
between small (<20 mm) and large (20–30 mm) fish. This could not be done with 
the data from the habitat vs. conspecifics experiment, because the size range of 
these fish was much smaller (17–30 mm).
To determine a response of fish to olfactory cues, a paired-samples t-test 
was used, as the time spent in the two water flows was compared. The middle 
of the flow tank was not included as a choice, which is standard practice for 
non-responsive animals in behavioral work (Tolimieri et al. 2004). Percentages 
of time spent in bay or reef water were log-transformed to meet the assumption 
of normality. The size range of fish tested for olfactory cues was only 10–22 mm, 
and therefore no distinction in size classes was used for this analysis. For all 
tests, the significance level was α = 0.05. 
Results
Acoustic cues
Fish showed a significant attraction to coral reef noise (Figure 3.3A), but other 
habitat-specific sounds did not induce a directional response (paired t-tests 
between high and low sound section of the cage, reef sound: t(57) = 2.794, p = 
0.007; mangrove sound: t(57) = -1.138, p = 0.260; seagrass sound: t(49) = 0.003, p = 
0.998; rubble sound: t(51) = -0.745, p = 0.454). For coral reef sound, a clear difference 
in response was observed between smaller juveniles (<20 mm), which spent 
significantly more time in the section nearest to the speaker during broadcasts 
of coral reef sounds than did larger juveniles (20–30 mm, Figure 3.3B) (paired 
t-tests between high and low sound section of the cage, <20 mm fish: t(31) = 2.818, 
p = 0.008; 20–30 mm fish: t(25) = 0.951, p = 0.351). No distinctions between fish of 
different sizes were found for the other habitat-specific sounds (paired t-tests 
between high and low sound section of the cage, mangrove sound: <20 mm fish: 
t(31) = -0.800, p = 0.430; 20–30 mm fish: t(25) = -0.796, p = 0.434; seagrass sound: 
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<20 mm fish: t(24) = -0.023, p = 0.982; 20–30 mm fish: t(24) = 0.030, p = 0.976; rubble 
sound: <20 mm fish: t(25) = -1.213, p = 0.236; 20–30 mm fish: t(25) = 0.171, p = 0.865).
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Figure 3.3. A) Mean (+SE) percentage of time fish spent in the high-sound or low-sound section of 
the experimental cage for each habitat-specific sound. B) Results for coral reef sound for fish of 
different size classes (<20 mm and 20–30 mm standard length). * Significant differences (p < 0.05) 
among sections of the cage, tested with paired t-tests.
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Visual cues
Fish did not preferentially select any of the microhabitat structures when visual 
cues were presented in isolation (repeated-measures ANOVA followed by a 
Bonferroni post-hoc test, F3,363 = 1.45, p = 0.228), and remained in the central sandy 
area of the cage for 47% of the time, on average, indicating a low attraction toward 
any type of microhabitat structure (Figure 3.4A). This result was equal for fish 
<20 mm (repeated-measures ANOVA followed by a Bonferroni post-hoc test, F3,87 
= 1.43, p = 0.244) as for the larger size class 20–30 mm (repeated-measures ANOVA 
followed by a Bonferroni post-hoc test, F3,273 = 1.30, p = 0.274). Significantly less 
time (18%) was spent in the central cage area when conspecifics were present 
than without conspecifics (independent t-test, t(135) = 5.93, p < 0.001). Visual cues 
from conspecifics evoked a much stronger response than the visual microhabitat 
cues. Fish spent more time in front of the box with conspecifics alone, although 
this was not significantly different from rubble with conspecifics. Rubble alone 
or rubble with heterospecifics did not induce a directional response (Figure 3.4B, 
repeated-measures ANOVA followed by a Bonferroni post-hoc test, F3,150 = 24.41, 
p < 0.001). 
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Figure 3.4. A) Mean (±SE) percentage of time fish spent in front of different microhabitat structures. B) 
Mean (±SE) percentage of time fish spent in front of boxes with different combinations of microhabitat 
structures with or without conspecifics or heterospecifics. Different letters above bars indicate 
significant differences (p < 0.05) between boxes tested with a repeated-measures ANOVA followed 
by a Bonferroni post-hoc test.
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Olfactory habitat cues vs. visual conspecific cues
In the first three minutes of the olfactory cue experiment, before water types were 
switched, fish showed a significant preference for bay (mangrove and seagrass 
combined) over reef water (Figure 3.5, paired t-test: t(48) = -2.28, p = 0.027). The 
visual presence of conspecifics did not inhibit a behavioral response of the test 
fish to the olfactory cues offered. 
The importance of the presence of conspecifics dominated after the sides 
receiving reef or bay water supplies were switched, and 55% of all fish stayed on 
the side of their initial choice, having associated visually with the conspecifics 
at that side. Test fish moved toward the middle line, and were thus able to smell 
both water types, but they never crossed to the water flow on the other side. 
Of all fish that preferred bay water in the first combination, 61% did not spend 
any time at all in bay water in the second combination, but remained near the 
conspecifics in the alternative water flow. 
0
10
20
30
40
50
Reef                                 Bay
Ti
m
e 
sp
en
t i
n 
w
at
er
 ty
pe
 (%
)  
  
n = 49p = 0.027
Figure 3.5. Mean (±SE) percentage of time fish spent in reef or bay water with conspecifics visible 
at the sides, before the water was switched sides (see Methods: Behavioral arena: olfactory habitat 
vs. visual conspecific cues). This graph represents the choice of the fish in 66% of the total time 
measured, as 34% of the time was spent in the middle of the tank. p-value shows the result of a 
paired t-test on log(x+1)-transformed data.
Discussion
This study shows that early juveniles of a mangrove/seagrass-associated reef 
fish species are receptive to multiple sensory cues which would enable effective 
selection of novel habitat. Recognition of suitable habitats by post-larvae (late-
stage larvae and early juveniles) of coastal demersal species is crucial for 
successful settlement and recruitment (Kingsford et al. 2002). However, the 
mechanisms to achieve this are still poorly understood, especially for fish species 
that recruit primarily to non-reef habitats. The observed behavioral responses of 
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early juveniles showed that the reaction to a particular cue was different for each 
sensory modality, suggesting that to avoid conflicting preferences, the selection 
of multiple cue types in situ could operate over different spatial and temporal 
scales.
Early-juvenile Haemulon flavolineatum responded to acoustic cues from coral 
reefs and not from any other habitats, including their preferred initial settlement 
habitat (rubble, which was also the habitat in which they were collected). This 
is interesting as the reef and rubble habitats shared several acoustic qualities 
(e.g. higher overall levels, higher low-frequency noise; Figure 3.2), and suggests 
well-tuned acoustic discrimination capabilities. Between the two hard-substrate 
habitats, we intuitively expected the coral reef to have characteristically more 
sound than the rubble habitat. Rubble habitat may have produced more noise 
due to a higher density of snapping shrimp in what would be a lower-predation 
environment, or alternatively due to higher numbers of mobile soniferous 
fishes compared to the reef; however both of these hypotheses require rigorous 
testing in the field. The current findings suggest that the attraction to reef sound 
seen in these mangrove/seagrass-associated fish may be the same mechanism 
for orientation toward coastal environments as used by larvae of fish species 
returning from the pelagic environment to their settlement sites on coral reefs 
(Simpson et al. 2004, 2005, 2008a, Leis and Lockett 2005, Montgomery et al. 2006, 
Radford et al. 2011). 
The distance over which acoustic orientation behavior can occur will depend 
on the species and its stage of ontogeny, the local sources of sound and their 
geographic distribution (Kennedy et al. 2010), other sources of sound that may 
mask preferred cues, and the water conditions and bathymetry. Although there 
is some debate on the estimated distance at which reef cues can be detected, 
the general consensus appears to be that this behavior may operate over 
hundreds to thousands of meters (Mann et al. 2007, Wright et al. 2010). Certainly 
our analysis of recordings from different habitats suggests that reef noise will 
propagate farther than mangrove and seagrass noise, and thus may be the most 
valuable cue to fish returning from the open ocean if settlement-stage larvae 
showed a similar response toward reef noise as our early-stage fish. In the 
current study, examination of the likely spatial scale of response was not tested, 
as the distance from the chamber to the sound source was equal for each sound, 
but our experimental approach could be adapted to test this in a future study. 
Notably, in the present study reef sound only induced a directional response for 
the smaller fish (<20 mm length), which suggests that acoustical cues from the 
reef lose their importance some weeks to months after settlement and do not play 
a significant role in novel habitat detection during subsequent life stages. 
In contrast to acoustical cues, differences in water chemistry elicited a 
response toward non-reef habitats (seagrass beds and mangroves in embayments). 
Fish significantly preferred bay over reef water, which is in accordance with 
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a previous study in which mangrove and seagrass water were both preferred 
above coral reef water (Huijbers et al. 2008), and this initial preference was made 
irrespective of the visual presence of conspecifics. Several fish species are able 
to discriminate between different water types (Atema et al. 2002, Arvedlund 
and Takemura 2006, Dixson et al. 2008), and Lecchini et al. (2005a) showed 
that organic compounds in the water can trigger such responses. Fish did not 
discriminate between mangrove and seagrass water (Huijbers et al. 2008), and 
olfactory preference for aquatic vegetation may thus be an adaptive mechanism 
enabling fish to find juvenile habitats that are located past the reef.
When solely visual cues were offered, the presence of conspecifics significantly 
affected the behavioral choices of test fish, whereas habitat structure did not. 
In the first visual cue experiment testing habitat cues alone, fish spent a high 
percentage of the time in the central sandy area of the cage, indicating a low 
attraction toward a specific type of habitat structure. This concurs with other 
studies that have found that post-larval fish of other species do not demonstrate 
a preference for a specific habitat type at settlement (Tupper and Boutilier 1997, 
Öhman et al. 1998). However, other studies have found selectivity among habitats 
based on visual cues (Lecchini et al. 2005a, 2007a, Igulu et al. 2011), suggesting a 
large variety in cue use among species. During early ontogeny, fish eyes develop 
rapidly in the larvae of H. flavolineatum (McFarland and Wahl 1996), and therefore 
we exclude the possibility that these post-larval fish were not able to see the 
different microhabitat structures. In other in situ scenarios, habitat selection may 
be altered at small spatial scales by factors such as food availability and the 
presence of predators, rather than structural complexity (Adams and Ebersole 
2009, Grol et al. 2011b). In the second visual cue experiment where conspecifics 
were present, the amount of time spent on open sandy habitat was significantly 
lower. It is a common observation in several fish species that the presence of 
conspecifics enhances settlement to suitable sites (Sweatman 1983, Lecchini et al. 
2007a). The response to conspecifics was far greater than the response to habitat 
structure, indicating a stronger role of conspecifics than structure during the 
early post-settlement phase, although a recent study showed that attraction to 
conspecifics decreases significantly when these occur in non-preferred habitat 
(Igulu et al. 2011). To fully understand the importance of conspecific cues in 
addition to habitat cues, future experiments should be conducted comprising 
multiple habitat cues with or without conspecifics and heterospecifics.
In contrast to previous studies that have tested each cue type in isolation, we 
provide the first multiple cue experiment that allowed the interactive effects of 
two cues to be investigated. Visual cues of conspecifics did not affect the initial 
preference for olfactory cues from vegetated bay habitats. Previous flow tank 
results (Huijbers et al. 2008) showed that switching of reef and bay (mangrove 
or seagrass) water to the opposite sides of the flow tank did cause the fish to 
move. In the current experiment, fish largely remained near to the conspecifics 
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on the side of the initial choice based on the first water combination. Vision is 
considered the most dominant sense at small distances (Rowland 1999), and may 
thus be the best applicable sense for detailed site discrimination. The visual 
presence of conspecifics in our flow tank experiment may have provided both a 
visual and a social cue since there could be feedback between the test fish and 
shoal mates, and the presence of conspecifics influenced the behavior of the test 
fish in such a way that the olfactory preference was subsequently overridden. 
Considering multiple cue use for orientation toward novel habitats in this 
coral reef fish species, we propose a hypothetical scenario of stepwise cue use 
that could aid the return of the fish from the open ocean toward novel inshore 
juvenile habitats in early life. First, orientation from the pelagic zone toward the 
coastline is accomplished by the use of acoustical cues from noisy coral reefs. 
In the proximity of coral reefs, fish can locate nearby embayments that harbor 
mangroves and seagrass beds using olfactory cues in water plumes. Once bays 
are located using olfactory cues, suitable sites are then located through visual 
cues based on the presence of conspecifics. The mangrove/seagrass-associated 
fish species used in this study, H. flavolineatum, reacted to reef sound and 
visual cues of conspecifics as would species that settle directly on reefs. The 
strong response of our test fish to olfactory soft-sediment vegetated habitat 
cues suggests adaptive behavior that would enable fish to locate novel inshore 
juvenile habitats, which has been shown to be beneficial in terms of survival 
rates (Grol et al. 2011a). Juvenile densities of this and various other mangrove/
seagrass-associated species are significantly lower in areas where mangroves 
and seagrass beds are absent (Nagelkerken et al. 2001, Nagelkerken and van der 
Velde 2004a, Pollux et al. 2007), highlighting the importance of preserving these 
habitats to facilitate orientation of fish in tropical coastal habitats.
Our finding that more than one sensory modality can be used for underwater 
orientation to novel habitat parallels results for aquatic species with directed 
navigation behavior. For example, sea turtle hatchlings orient according to 
both wave direction and the Earth’s magnetic field (Goff et al. 1998), while in 
later life, juvenile turtles use visual and magnetic cues to maintain directional 
headings (Avens and Lohmann 2003). Salmonid fish are also able to orient using 
multiple cues throughout their life (Braithwaite et al. 1996, Dittman and Quinn 
1996). Comparable to these studies on homing behavior, our results emphasize 
that multiple cues are likely integrated by early juveniles for finding novel 
habitat. Ontogenetic cross-ecosystem habitat shifts may increase an animal’s 
survival, yet movement across ecosystems can generate increased risks. Directed 
movement and the ability to orient toward environmental cues is essential to 
ensure survival and arrival at an appropriate destination. 
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Abstract
Habitat selection by coral reef fish is influenced by a variety of biological and 
abiotic factors, but the relative importance of these factors is expected to change 
throughout ontogeny, especially for species that utilize different habitats during 
their life cycle. In this study, two in situ choice experiments were designed to 
test the individual as well as the interactive effects of habitat structure and 
schooling (with conspecifics or heterospecifics) on refuge-seeking behavior of 
a coral reef fish. The experiments were conducted for three size classes of the 
common reef fish Haemulon flavolineatum, a species that shows multiple habitat 
shifts throughout its ontogeny. We tested the hypothesis that, due to the additive 
effects of schooling and structure in providing suitable refuge, fish would be 
more attracted to a microhabitat with conspecifics or heterospecifics than to a 
microhabitat or conspecifics alone. In the habitat-only experiment, early juveniles 
(≤3 cm fork length) showed no preference for any microhabitat structures, 
whereas larger fish preferred complex mangrove structure to seagrass, rubble, 
or coral. In the second experiment, which offered various combinations of 
habitat, including habitat with conspecifics or heterospecifics, the preference for 
mangrove structure was completely replaced by attraction to conspecifics for all 
size classes. Unexpectedly, the combination of conspecifics and habitat structure 
showed no additive effect. The results demonstrate that although H. flavolineatum 
makes multiple shifts in habitat throughout its life cycle, in the absence of other 
biological or environmental drivers preference for shelter habitat past the early 
post-settlement stage remains the same. The study further demonstrates the 
critical role of the presence of conspecifics in microhabitat choice, and provides 
a better understanding of the relative importance of these factors, whether in 
isolation or additively, in selection of refuge habitat by a reef fish.
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Introduction
Tropical coastal seascapes can contain a mosaic of different habitat types, such as 
coral reefs, seagrass beds, mangroves, sandy substrates and algal beds, which are 
ecologically connected through movement of organisms and flow of dissolved 
and particulate matter (Nagelkerken 2009). Dispersing animals may use a variety 
of these habitats consecutively during their ontogeny (Nagelkerken et al. 2000a, 
Adams et al. 2006). Among coral reef fish species, several life history strategies 
occur: (1) larvae can settle in the same habitat as adult conspecifics, whose 
presence likely indicates good habitat quality and protection for juvenile fish; 
(2) settlement among different habitats is indiscriminative, yet habitat-specific 
survival rates cause spatial differences in fish densities; (3) larval fish can settle 
in markedly different habitats than those used by adult conspecifics and move 
to adult habitats in later life stages (McCormick and Makey 1997, Adams et al. 
2006, Pratchett et al. 2008). Ontogenetic habitat shifts, as exemplified by the third 
strategy, are often caused by changes in an animal’s needs (Werner and Gilliam 
1984, Dahlgren and Eggleston 2000). Animals often choose a particular habitat 
to minimize the ratio of mortality risk to growth rate, which characterizes the 
fitness of an animal (Werner and Gilliam 1984). Factors that are closely related 
to mortality and growth, and that may thus directly or indirectly play a role 
in habitat selection, are food abundance (Cocheret de la Morinière et al. 2003a, 
Pratchett et al. 2008), competition and predation (Rosenzweig 1991, Bonin et al. 
2009, Grol et al. 2011a), habitat structure (Jenkins and Wheatley 1998, Verweij et 
al. 2006a, Gullström et al. 2008), and the presence of conspecifics (Sweatman 1983, 
Lecchini et al. 2007b, Igulu et al. 2011).
Although larvae actively select their habitat during settlement, a ‘good’ 
habitat for settling larvae does not necessarily have to be a ‘good’ habitat for 
juveniles and adults as well (Lecchini et al. 2007a). Several experimental studies 
have found differences in habitat selection among different life stages of coral 
reef fish. Lecchini et al. (2007a) found that pre- and post-metamorphic stages of 
Thalassoma hardwicke chose different habitats in an ex situ aquarium experiment. 
Another aquarium experiment demonstrated that several species of the family 
Pomacentridae showed clear differences in habitat selection between pre- and 
post-settlers, while some species of the same family did not (Öhman et al. 1998). 
These laboratory results were consistent with the observed presence of these 
species in the field. Likewise, habitat selectivity in different life stages has been 
experimentally demonstrated in other marine species, like crabs (Lee et al. 2004, 
Webley et al. 2009) and temperate reef fish (McDermott and Shima 2006). However, 
these studies have focused on habitat shifts in the early life stages of reef fish, the 
so-called ‘transition phase’ (Kaufman et al. 1992), while fish with an ontogenetic-
habitat life style also display shifts among several habitat types during later life 
stages. In these stepwise post-settlement life-cycle migrations (Cocheret de la 
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Morinière et al. 2002), juvenile fish move, for example, among different back-reef 
habitats like rubble areas, coral patches, mangroves and seagrass beds before 
eventually migrating back to the coral reef.
In previous in situ studies, habitat preference was mostly derived from 
distribution patterns based on visual census (e.g. McCormick and Makey 
1997, Nakamura et al. 2007). Laboratory ex situ experiments usually rebuilt 
microhabitats in choice chambers to investigate differences in habitat selectivity 
(e.g. Öhman et al. 1998, Bay et al. 2001, Lecchini et al. 2007a). In both types of 
studies, multiple factors, such as smell, structure and predation risk, which 
contribute to the decision-making process of animals, were often not excluded 
in the experimental design. Although this simulates the complexity of habitat 
choice in the real seascape, it makes it difficult to distinguish the role of individual 
factors in habitat selection.
In a complex seascape consisting of several habitat types, there is a large 
degree of variability in physical structures (Bell et al. 1991) – for example, leaves 
in seagrass beds, roots and pneumatophores in mangroves, and rocks and corals 
on reefs. Due to these differences it has been difficult to compare the importance 
of structural complexity among different habitats. Only a few studies have done 
so, and they have mostly addressed only 2 habitat types (Beck 1998, Jenkins and 
Wheatley 1998, Nakamura et al. 2007, but see Grol et al. 2011b). In contrast, many 
studies have focused on animal responses toward structural variability within 
the same habitat type (e.g. coral reef: Chabanet et al. 1997; seagrass: Hyndes 
et al. 2003; mangroves: Cocheret de la Morinière et al. 2004). Fishes that settle 
and live in lagoonal environments can be confronted with a choice of various 
microhabitats on small spatial scales (i.e. meters). However, we understand 
very little about how the structure of different habitats contributes to habitat 
preference and utilization by fish.
Besides structure, another important factor that influences habitat selection is 
the presence of conspecifics or heterospecifics. Due to its accompanying increase 
in vigilance and defense against predators, social aggregation among fishes may 
enhance survival rates (Pitcher and Parrish 1993, Orpwood et al. 2008). The effect 
of schooling behavior also differs among life stages of fish species (Macpherson 
1998, Masuda and Tsukamoto 1998). This behavior can be very important during 
the settlement stage when fish larvae are small and vulnerable. As fish grow, 
schooling may become less favorable due to increased competition for food 
(Hoare et al. 2000).
For the localization of habitats and conspecifics, fish can use several sensory 
mechanisms and environmental cues (Kingsford et al. 2002). Vision is believed 
to be an important sensory system in environments where water clarity is 
typically high, as on coral reefs (Rowland 1999, McCormick and Manassa 2008). 
Overall, the visual system of fish is well developed (Guthrie and Muntz 1993), 
and previous studies have shown that fish can distinguish habitats (Lecchini et 
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al. 2007a) and conspecifics (Brolund et al. 2003) by use of visual cues. However, 
little attention has been paid to the possible additive effects of habitat structure 
and presence of conspecifics in visual habitat choice by marine fishes.
In the present study, we tested visual preference by a common coral reef 
fish for structure of a suite of disparate habitat types that often co-occur in 
lagoonal environments, and for presence of conspecifics or heterospecifics with 
or without habitat structure. In order to suppress behaviors like searching for 
food or visually avoiding predators, all other biotic and environmental cues 
were excluded, making the driving behavioral mechanism refuge-seeking 
through structure and/or schooling. Two in situ multiple-choice experiments 
were designed to test (1) the visual attractiveness of four microhabitat refuges of 
different architecture (mangrove roots, seagrass shoots, corals and rubble), (2) the 
relative importance of schooling and microhabitat structure on refuge-seeking 
behavior, and (3) the ontogenetic changes in preference for microhabitats or 
conspecifics/heterospecifics to a particular fish species. We hypothesized that (1) 
fish would show differences in the extent to which they are attracted to different 
types of microhabitat structure, (2) due to the additive effects of schooling and 
structure in providing suitable refuge (e.g. by minimizing predation risk), fish 
would be more attracted to a microhabitat with conspecifics or heterospecifics 
than to a ‘bare’ microhabitat or conspecifics alone, and (3) as a result of changing 
factors throughout ontogeny (e.g. a decrease in susceptibility to predation), the 
importance of schooling and structure would decrease with increasing body size.
Material and methods
Species and sampling
The model species used in this study was the French grunt, Haemulon 
flavolineatum, which is found in different habitats throughout its ontogeny. After 
a relatively short pelagic stage of approximately 14 days (McFarland et al. 1985), 
French grunts in Curaçao first settle on rubble zones in the mouths of inland 
bays before they move further into these bays, where they inhabit mangrove 
habitats and seagrass beds (Grol et al. 2011a); adults are mainly found on the 
coral reef. At approximately 5 cm they shift from diurnal plankton feeding to 
nocturnal benthic feeding (Verweij et al. 2006b). Juvenile grunts (>5 cm) exhibit 
schooling behavior during the day, when they are mostly inactive, and feed 
solitarily at night (Helfman et al. 1982). As grunts make use of several habitat 
types at different life stages, and display both solitary and schooling behavior, it 
is a good model species for testing ontogenetic shifts in preference for different 
microhabitat structures and for conspecifics or heterospecifics.
Fish of the selected species were collected daily between August and 
December 2007 in the Spanish Water Bay and on the adjacent coral reef on the 
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island of Curaçao, Netherlands Antilles (12°04’N, 68°51’W) by means of v-shaped 
nets and fish traps. We collected fish of three different size classes (all lengths 
measured as fork length)  and from several habitats, resulting in five treatments: 
individuals (1) from 2–3 cm from the sand/rubble habitat at the mouth of the 
bay (early juveniles); (2) from 4–7 cm from the sand/rubble habitat at the mouth 
of the bay; (3) from 4–7 cm from the seagrass habitat within the bay; (4) from 
10–15 cm from the seagrass habitat within the bay and (5) from 10–15 cm from 
the coral reef. Previous research had shown that fish >12 cm from the reef were 
mature, while fish of the same size class within the bay never reached maturity 
(Grol et al. 2011a). By selecting the same size class from different habitats, we 
could determine whether choice behavior was affected by the residence habitat 
from which fish were taken, and was therefore caused by previous experience, 
or – if the same size classes from different residence habitats showed the same 
preference for a specific habitat – whether there might be an intrinsic effect 
of habitat structure. After the fish had been collected, they were transported 
immediately over land to the laboratory, where they were housed overnight in 
aquaria, in small groups, with shelter and flowing seawater. They were used in 
our experiments the next day, and then released.
Experimental setup
The importance of different structures and the presence of conspecifics/
heterospecifics on shelter-seeking behavior by Haemulon flavolineatum was 
studied in situ using experimental cages. The study area was a shallow sand flat 
in front of the laboratory at Piscadera Bay (see Figure 2.1). Cages were placed at 
a depth of 4.5 m on a sandy bottom at a distance of just 75 m from the holding 
tanks harboring the experimental fish, and >50 m from any bay or reef habitats 
that might provide interfering cues to the fish. The cages (1.5 × 1.5 × 0.7 m for 
fish ≥4 cm; 1.0 × 1.0 × 0.7 m for fish ≤3 cm) were constructed of iron rods (Ø 
8 mm) and covered with 5 mm wire mesh, except for the cage bottom, which 
rested on the substratum. Into each corner of a cage, a closed triangular box was 
fitted (Figure 4.1). These boxes, made of clear plexiglass (on the two sides, top 
and bottom) and glass (front pane facing the interior of the cage), fit tightly into 
each rectangular corner. The boxes were 44 cm long on each side by 30 cm high. 
To ensure that chemical cues from the content of the box would not influence 
the fish’s behavior, the boxes were kept sealed tightly during the observations. 
Thus, the observed preference of a fish for a particular microhabitat would be 
based only on visual cues. The cages further prevented interactive effects of 
other biological factors such as predation and competition by excluding other 
fishes. As the microhabitats were contained within the boxes, fish were not able 
to search for food that was potentially associated with the structures. Hence, 
the driving behavioral mechanism was refuge-seeking (through structure and/
or schooling). Between replicates the boxes were opened to provide a supply of 
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fresh seawater to each box to keep the microhabitats alive. The use of four boxes 
in each corner created a ‘neutral’ sandy area in the middle of the cage where no 
visual cues of microhabitat structure were offered to the fish. All tests were run 
during daylight hours between 9:00 and 18:00.
Figure 4.1. Experimental design of underwater test cages, resting on a sandy bottom. In each corner 
a closed triangular box was placed with different microhabitat content (experiment 1), or microhabitat 
alone, conspecifics alone, or a combination of microhabitat with French grunt conspecifics or 
heterospecifics (experiment 2). The middle of the cage is ‘neutral’ sandy zone. Dashed lines (topview): 
distance from the box at which fish were considered to choose a given microhabitat; numbers: cage 
dimensions for fish ≥4 cm, with altered dimensions for fish ≤3 cm in parentheses.
In experiment 1, each box contained a different microhabitat in which 
Haemulon flavolineatum naturally occur during various life stages. Four habitat 
types were mimicked with pieces collected in the field. These were mangrove 
roots (Rhizophora mangle), seagrass shoots (Thalassia testudinum), rubble (small 
pieces of dead and broken coral) and living corals and sponges (e.g. Porites porites, 
Meandrina meandrites, Desmapsamma anchorata). Although the boxes were filled 
every few days with fresh material, the number of structures and height of each 
of the four microhabitats was kept the same, i.e. eight mangrove roots, equal in 
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length to the height of the box (30 cm), with spaces between the roots; 30 seagrass 
shoots from 10–15 cm high; eight pieces of coral and sponge, each from 10–15 
cm high; and eight pieces of dead and broken coral (rubble), each from 10–15 cm 
high. In this experiment we tested preference for refuge habitat at different life 
stages.
In experiment 2, we tested the relative importance of microhabitat type 
and schooling (with conspecifics or heterospecifics) on refuge-seeking behavior 
throughout ontogeny. To this end, we filled one box with preferred microhabitat 
as revealed by experiment 1, one box with preferred microhabitat and three 
conspecifics, one box with preferred microhabitat and three heterospecifics, and 
one box with three conspecifics alone and no microhabitat. Conspecifics and 
heterospecifics were collected in the same habitat and size classes as the fish 
tested. Selection of heterospecifics was based on their observed presence among 
schools of Haemulon flavolineatum in the field. For all size classes ≥4 cm, four-eye 
butterflyfish, Chaetodon capistratus, were used as heterospecifics. For fish ≤3 cm, 
taken from the rubble habitat, juvenile ocean surgeonfish, Acanthurus bahianus, 
were used as heterospecifics.
In total, one small cage and two large cages were built to enable us to perform 
several replicate observations at the same time. These cages were placed a few 
meters apart, separated by polyethylene screens to prevent fish from visually 
interacting and therefore influencing each other’s behavior. To rule out the 
effects of wave motion, currents and angle of sunlight, each cage was turned 90° 
clockwise after every two replicates. In addition, the configuration of the boxes 
within the cage was changed after every four turns to rule out any treatment-
order effects. With this setup, 24 habitat configurations became possible, and 
each configuration was used to test 2–3 individual fish per treatment for each 
of the two experiments. Mangrove habitat, for example, was placed 68, 75, 75 
and 82 times in corners 1, 2, 3 and 4 of the cage, respectively during the entire 
first experiment. Observations were made from a fixed position, while the cage 
and the microhabitats within the cage were re-configured as explained above. 
Thus, through this design, any potential observer effects were equal among 
microhabitat types and fish size classes.
Each replicate observation was made on an individual fish, and habitat 
configuration was randomly assigned. To keep stress levels as low as possible, 
fish were transported (in <5 min) from the lab holding tank to the underwater 
cage in a closed box with darkened sides. Each fish was put into a wire mesh 
cylinder, located in the center of the cage, through an opening in the top of 
the cage. The fish was kept in the cylinder for three minutes to acclimate to 
its new environment. After three minutes, the fish was released, the cylinder 
removed and the observation started. Upon release, fish were monitored for 
natural swimming behavior, and in no case was unnatural flight or movement 
observed. Instead, fish slowly investigated the habitats located behind the glass 
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panes, apparently seeking an entrance to the contained microhabitat. Each fish 
was observed (using SCUBA equipment) for 15 minutes from behind the screens 
at a distance of 5 m from the cage, and its behavior in the cage was noted. Every 
between-microhabitat movement was recorded, from the moment a fish pointed 
its head toward the glassed-in microhabitat (within approximately 10 cm of the 
front pane) until it turned and swam away. It was always clear with which box 
they were associated during the course of the experiment. The between-habitat 
movements occurred at relatively low swimming speed (indicating lack of fleeing 
behavior), and fish could be easily followed while writing down time expenditure. 
This resulted in a budget for time spent at the various microhabitats for each fish. 
After the observations, fish were released at their site of capture. The experiment 
with microhabitats, as well as that with conspecifics and heterospecifics, was 
carried out with 43–61 individuals for each treatment, for a total of 534 fish tested. 
Statistical analysis 
Differences in choice of microhabitat structure or conspecifics/heterospecifics for 
each treatment of the two experiments were tested using a repeated-measures 
ANOVA, which accounts for the fact that the preference of one individual fish 
was tested for four different choices. Mauchly’s test was used to test for sphericity 
of the data, and if this assumption was violated a Greenhouse-Geisser correction 
was used to produce a valid F-ratio. Preference for a specific microhabitat structure 
(experiment 1) or microhabitat with or without conspecifics or heterospecifics 
(experiment 2) was subsequently tested with a Bonferroni post-hoc test. Among 
treatments, the difference in the percent time spent in the neutral zone, or in front 
of a particular box, was tested with a one-way ANOVA followed by a Games-
Howell post-hoc test (Field 2005). An independent t-test was used to determine 
differences in time spent in the neutral area between experiments 1 and 2 for 
each treatment separately. For all tests a significance level of 0.05 was used.
Results
Experiment 1: microhabitat type
Among treatments, differences appeared in the percentage of time spent in the 
cage’s neutral zone (Figure 4.2). Early juveniles (≤3 cm) from the rubble habitat 
and large (≥10 cm) seagrass and reef fish spent significantly more time in the 
neutral zone than the 4–7 cm fish from the rubble and seagrass habitats (one-
way ANOVA followed by Games-Howell post-hoc test, p < 0.001). Large fish 
showed more active behavior in the experimental cages and, on average, visited 
more than three microhabitats (mean number of microhabitats visited, 10–15 
cm seagrass fish: 3.7; 10–15 cm reef fish: 3.7), whereas small fish visited fewer 
than three microhabitats (2–3 cm rubble fish: 1.8; 4–7 cm rubble fish: 2.0; 4–7 
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cm seagrass fish: 2.2). Of all fish ≥10 cm, 79% visited all four boxes harboring 
different microhabitats; of smaller fish (≤7 cm), only 9% did so. Because with 
every switch between microhabitats some time was spent in the neutral zone, 
the more frequent habitat switches by the larger fish increased the percentage 
of time spent in the neutral zone by that size class. Results for very small fish 
differed from both these results.  Fish ≤3 cm from the rubble did not switch often 
among microhabitats, yet 31% of these fish spent more than half their time in 
the neutral zone without appearing to choose any of the microhabitat structures, 
which accounts for the high percentage of neutral time in this treatment.
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Figure 4.2. Mean (±SE) percentage of time that fish from each treatment spent in the neutral zone. 
The x-axis shows size class of fish and habitat where captured. Lowercase letters: statistically 
significant differences among experiment 1 treatments; uppercase letters: significant differences 
among experiment 2 treatments (one-way ANOVA followed by a Games-Howell post-hoc test, p < 
0.001 for both experiments). * Statistically significant differences (α = 0.05) within treatment between 
experiments 1 and 2 (independent t-test).
Despite the differences in time spent in the neutral area, fish from all 
treatments except the early juveniles (≤3 cm) preferred mangrove roots over 
other microhabitats; among those other habitats (seagrass, coral, rubble) no 
preference was noted (Figure 4.3). Early juveniles showed no preference for any 
microhabitat (Figure 4.3A).
Experiment 2: microhabitat vs. conspecifics/heterospecifics
In experiment 2, the percentage of time spent in the neutral zone of the cage 
was significantly lower than for experiment 1 for each of the treatments, except 
for the 4–7 cm seagrass fish (Figure 4.2). In experiment 2, therefore, a stronger 
overall attraction toward the experimental boxes was noted. Large (≥10 cm) fish 
again showed more active behavior and visited more microhabitats than did 
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Figure 4.3. Experiment 1. Mean (+SE) percentage of time that fish from each treatment (A-E) spent 
in front of each of the four boxes containing different microhabitat. CR = coral; RB = rubble; SG 
= seagrass; MG = mangrove. Collection habitat and size range of fish tested are shown as panel 
headings. p-values show results of repeated-measures ANOVA followed by Bonferroni post-hoc test; 
if groups do not share the same lowercase letter they differ significantly (α = 0.05).
smaller fish (mean number of microhabitats visited, 2–3 cm rubble fish: 1.7; 4–7 
cm rubble fish: 1.3; 4–7 cm seagrass fish: 1.7; 10–15 cm seagrass fish: 3.4; 10–15 cm 
reef fish: 3.5).
Fish showed a similar pattern from treatment to treatment and were most 
attracted to the 2 boxes containing conspecifics (Figure 4.4). No significant 
difference was seen between boxes containing conspecifics alone or conspecifics 
with habitat. Boxes with solely habitat structure were significantly less preferred 
(Figure 4.4). Likewise, preference for the heterospecifics/microhabitat combination 
66
Chapter 4
0
10
20
30
40
50
60
RB CON RB + CON RB + HET
Rubble 2-3 cm
a
b
b
a
N = 45     p < 0.001A)
0
10
20
30
40
50
60
MG CON MG + CON MG + HET
H
ab
ita
t p
re
fe
re
nc
e 
(%
 ti
m
e)
Rubble 4-7 cm
a
b
bc
ac
N = 59     p = 0.002
B)
0
10
20
30
40
50
60
MG CON MG + CON MG + HET
Seagrass 4-7 cm
a
bc
b
ac
N = 55     p = 0.001
C)
0
10
20
30
40
50
60
MG CON MG + CON MG + HET
Seagrass 10-15 cm
a
b
b
c
N = 59     p < 0.001
D)
0
10
20
30
40
50
60
MG CON MG + CON MG + HET
Reef 10-15 cm
a
b b
ab
N = 56     p < 0.001
E)
Figure 4.4. Experiment 2. Mean (+SE) percentage of time that fish from each treatment (A-E) spent 
in front of each of the four boxes containing different combinations of microhabitat with or without 
conspecifics or heterospecifics. Preferred microhabitat from experiment 1 was used, viz. mangrove 
for all groups except for early juveniles (20–30 mm), which were tested with rubble microhabitat. 
RB = rubble; MG = mangrove; CON = conspecifics; HET = heterospecifics. Collection habitat and 
size range of fish tested are shown as panel headings. p-values show results of repeated-measures 
ANOVA followed by Bonferroni post-hoc test; if groups do not share the same lowercase letter they 
differ significantly (α = 0.05).
was low, although we did note a trend of increasing preference for this 
combination with increasing fish size.
Notably, the preference for mangrove structure as displayed in experiment 1 
was almost completely replaced in experiment 2 by attraction toward conspecifics 
(Figure 4.5). Preference for conspecifics (with or without microhabitat) observed 
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in experiment 2 did not differ significantly from preference for mangrove 
microhabitat observed in experiment 1 (one-way ANOVA, 4–7 cm rubble fish: p 
= 0.358; 4–7 cm seagrass fish: p = 0.387; 10–15 cm seagrass fish: p = 0.431; 10–15 cm 
reef fish: p = 0.900). Preference for mangrove microhabitat alone was significantly 
lower in experiment 2 than in experiment 1 (independent t-test, p < 0.001 for all 
treatments).
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Figure 4.5. Mean (±SE) percentage of time that fish ≥4 cm, collected from three habitats, spent in 
front of boxes with mangrove microhabitat, and in front of boxes with conspecifics with or without 
mangrove microhabitat. MG = mangrove; CON = conspecifics. * Significant difference in preference 
for mangrove between experiment 1 and 2, tested with an independent t-test.
Discussion
In the present in situ microhabitat-choice experiment, fish of two different size 
classes caught in three different habitat types always preferred mangrove roots 
to seagrass, rubble or coral microhabitats. Only early juveniles (≤3 cm) did not 
discriminate between any of the offered microhabitats. As all cues, except vision, 
were excluded by using closed boxes in which the microhabitats were displayed, 
solely the visual attractiveness of habitat structures was tested. Because habitat 
provides refuge from predators, habitat structure plays a key role in the ecology of 
fishes (Hixon and Beets 1993, Almany 2004). In an experimental setting where all 
common behaviors except refuge-seeking were repressed, mangrove structure, 
which probably provides superior shelter opportunities, was clearly preferred. 
This preference for refuge habitat was consistent in all but one treatment. The 
results show that fish were not simply attracted to the habitat in which they 
resided in situ, but were solely attracted to a single microhabitat type at all sizes 
≥4 cm.
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The present study strengthens the argument that specific physical 
characteristics of a habitat are crucial determinants of microhabitat preference. 
The overruling preference for mangrove habitat is likely related to the combination 
of shade and high structural complexity that it offers (Laegdsgaard and Johnson 
2001, Cocheret de la Morinière et al. 2004, Verweij et al. 2006a, Nagelkerken et al. 
2010). Nagelkerken and Faunce (2007) found that besides mangrove-associated 
fish, other fish species are also attracted by mangrove structure, confirming the 
overall attractiveness of mangrove as shelter habitat. These authors suggested in 
a different paper that if mangroves occurred on coral reefs, they would be equally 
attractive to fish (Nagelkerken and Faunce 2008). However, the preference for 
this habitat is context-dependent, being expressed by some species, including 
Haemulon flavolineatum, only toward standing mangrove roots (as in the current 
study), not hanging roots (Nagelkerken et al. 2010). Hence, other studies with H. 
flavolineatum have found preference for other (i.e. non-mangrove) microhabitat 
types in experiments using solely hanging mangrove microhabitat (Verweij et 
al. 2006a, Grol et al. 2011b). The preference for standing mangrove roots does 
not completely reflect the variable in situ distribution of this species (see review 
by Nagelkerken 2007). For free-ranging fish, it is likely that other factors like 
crowding and saturation of the mangrove habitat, competition or reproduction 
contribute to differential distribution among habitats  (Adams and Ebersole 2009).
In contrast to larger size classes, early juveniles (≤3 cm) showed no 
preference for mangrove over other microhabitats. These fish spent a relatively 
high percentage of time in the neutral zone of the cage, which indicated to us 
a low attraction toward any habitat structure. Settlement-stage fish of different 
species display a range of strategies for habitat selection, varying from consistent 
preference for one habitat type to no preference for any habitat type (Tupper 
and Boutilier 1997, Öhman et al. 1998, Lecchini et al. 2007a). While other sensory 
cues, such as sound, olfaction or magnetism, operate over long distances 
(i.e. kilometers), it is vision that is mainly operative at short distances (i.e. 
meters) (Kingsford et al. 2002). During the early ontogeny of grunts the retinal 
morphology changes dramatically (McFarland and Wahl 1996) and fish eyes 
develop rapidly in larvae (Myrberg and Fuiman 2002). Because a smaller test 
cage was used for fish ≤3 cm to account for the relative distance to the habitats 
in relation to the size of the fish, we have excluded the possibility that our 
smallest individuals were unable to visually distinguish different microhabitat 
structures. Early post-settlement juveniles are small and vulnerable, making 
rapid growth and avoidance of predators of primary importance (Webster 2002, 
Almany 2003). Unlike individuals of approximately 5 cm (Verweij et al. 2006b), 
these small fish are semi-pelagic diurnal feeders. Grol et al. (2011b) showed in a 
similar experiment, but one that provided open access to the microhabitats, that 
3–4 cm individuals of Haemulon flavolineatum, a size class that is diurnally active 
and thus not in shelter mode, avoided the confined space of mangrove shelter 
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habitat during daytime. Factors like food availability and presence of predators 
were excluded in the present study, which may explain the fact that fish of ≤3 cm 
from the rubble habitat that were unable to feed in the enclosed microhabitats, 
and that were still relatively inexperienced, were not triggered to make a habitat 
choice in this experiment.
Our experiments clearly demonstrate a shift in microhabitat preference 
between the early juvenile stage (≤3 cm) and subsequent stages (4–15 cm). Habitat 
preferences are often assumed to depend on early experience (Immelmann 1975, 
Davis and Stamps 2004), as in salmon returning to their natal rivers based on 
olfactory imprinting during the early juvenile stage (Dittman and Quinn 1996). 
As with most coral reef fish, the egg and larval stages of French grunts are 
pelagic before their settlement on a substratum (McFarland et al. 1985). Fish used 
for our experiments were caught on a substratum: rubble, seagrass or coral reef 
habitats. Experimental fish caught on seagrass beds in the bay, in the 4–7 cm size 
class, may have developed their mangrove preference as a result of previous 
experience and social learning from conspecifics. However, fish of the same size 
class caught in the rubble area also chose mangrove structure, even though they 
resided in a habitat away from nearby mangroves. It is unknown whether this 
affinity for some aspect of the mangrove habitat is inherited and only develops 
in later life stages, or if this behavior is learned during ontogeny.
Experiment 2 showed that all size classes from the different capture 
habitats equally preferred boxes with conspecifics regardless of the presence 
of microhabitat. For small fish among several species, the use of conspecifics 
to locate suitable settlement sites is common (Sweatman 1983, Tolimieri 1998, 
Lecchini et al. 2007b). As fish grow larger, schooling behavior is often a trade-
off between the costs and benefits of being a group member (Hoare et al. 2000). 
The present study shows that the advantages of social group formation can 
remain important throughout the life cycle of a demersal reef fish species. The 
significant preference that we observed for conspecifics over heterospecifics in 
all size classes matches the observations of schooling behavior of French grunts 
in the field (Ogden and Ehrlich 1977). Interest (among individuals of our test 
species) in heterospecifics increased to a certain degree with increasing fish size, 
which may suggest that fish gradually become less particular in the choice of 
species with which they form schools.
Combined visual cues of microhabitat structure and presence of conspecifics 
evoked no stronger response than did visual cues of conspecifics alone, clearly 
indicating a lack of additivity of habitat to conspecific presence. Interest in 
mangrove habitat alone decreased significantly in experiment 2 over experiment 
1, and was completely replaced by attraction to conspecifics. This reveals that, 
for some demersal fish species (in absence of visible predators), schooling may 
be preferred to seeking out a particular habitat structure as a refuge-seeking 
behavior. In the field, however, Haemulon flavolineatum is found in schools 
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around structurally complex habitat (personal observation) and the species does 
not school on unstructured sandy substratum, a behavior probably driven by 
visual awareness of predators.
Both shelter-seeking in complex habitat and schooling behavior serve as 
important anti-predation strategies in fish (Pitcher and Parrish 1993, Hoare et al. 
2000). Few studies could be found that explicitly examined the relative importance 
of these two anti-predation strategies. One study found that European minnows 
formed larger shoals in simple habitats than in complex habitats (Orpwood et 
al. 2008). They concluded that schooling behavior was mainly observed when 
shelter opportunities provided by physical habitat structure were insufficient, 
but our study shows that schooling occurs even within dark, complex habitat. 
Another study that investigated the interaction between sheltering and group 
behavior found that two reef fish species were both strongly associated with 
structurally complex finger coral, and that schooling behavior occurred mainly at 
short distances from this substratum (DeMartini and Anderson 2007). Gardiner 
and Jones (2010) and Igulu et al. (2011) furthermore found that the strength of 
specific habitat preferences can be modified by the presence of conspecifics, and 
that conspecifics can render less preferred habitats more attractive. Our results 
show that, for Haemulon flavolineatum, schooling behavior can overrule the shelter 
attraction of habitat structure when the opportunities for other behavioral 
mechanisms are curtailed.
Enclosing fish in experimental cages may introduce undesirable artifacts, 
such as increased stress levels, into the experiment. In our experiments, fish 
did not show high stress levels. They did not swim rapidly to a random box 
immediately upon release, nor did they seek shelter in the corners of the cage. 
They rather calmly visited multiple boxes. By using a closed and controlled test 
environment we ensured that only the visual attraction to microhabitat structure 
and conspecifics or heterospecifics was measured. This might not reflect actual 
habitat choice of fish in situ, where a number of factors must be taken into account, 
but it does provide essential information about the importance of some of those 
factors. All our experiments were carried out during the day, but French grunts 
>5 cm are nocturnally active (Verweij et al. 2006b), and would probably have 
shown a different choice behavior if they were tested during nighttime. However, 
the focus of our study was to investigate the role of habitat, interactively with 
schooling, as a refuge-seeking behavior, and therefore all treatments except for 
fish ≤3 cm were suitable, as they reflected life stages in which fish are largely in 
shelter mode during daytime. Nighttime experiments, on the other hand, would 
probably have yielded information on the role of habitat in feeding behavior. 
It should be noted, however, that, because the maximum distance from any 
microhabitat was <1 m, only a scale-dependent component of the habitat selection 
process could be studied.
In conclusion, when habitat structure was offered in isolation, fish ≥4 cm 
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showed a preference, based on visual cues alone, for mangrove microhabitat. 
However, the presence of conspecifics, but not of heterospecifics, appears to 
overrule this factor during all life stages. To our knowledge, this is the first 
study in which the preference for the structure of four very different tropical 
microhabitats, and the interaction of microhabitat structure and presence of 
conspecifics or heterospecifics, has been tested simultaneously using several 
size classes of fish typical of the ontogeny of a reef fish. This provides a better 
understanding of the role of these factors, whether in isolation or additively, in 
the refuge-seeking behavior of a reef fish.
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Abstract
 
Various coral reef fish species are highly associated with putative nursery 
habitats like mangroves and seagrass beds during their juvenile life stage (i.e. 
‘nursery species’). Little is known, however, of the degree to which they can use 
other habitat types as juvenile habitat. In this study we investigated whether 
some nursery species can utilize alternative juvenile habitats when mangroves 
and seagrass habitats are not readily available. Visual census surveys were 
carried out in six different coastal habitat types on the Western Atlantic island of 
Bermuda, and densities of early juveniles (<4 cm) were quantified for four nursery 
species and compared to those of four non-nursery species. Early juveniles of 
the nursery species Haemulon flavolineatum and Scarus iserti were observed in a 
variety of habitat types, consisting of their common juvenile habitats (mangroves, 
seagrass beds and undercut notches in large boulders) as well as of non-typical 
juvenile habitats (shelf patch reefs). Two other nursery species, Haemulon sciurus 
and Lutjanus griseus, were only present in the mangroves, seagrass and boulder 
habitats. All non-nursery species were only observed on the shelf patch reefs. 
Our findings suggest that some nursery species are flexible in their choice of early 
juvenile habitat, while other nursery species are more dependent on mangroves 
and seagrass beds even when these habitats are locally scarce.
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Introduction
The majority of coral reef fish species have a pelagic larval stage, during which 
larvae develop into excellent swimmers (Leis 2006). They use this ability, in 
combination with sensory mechanisms, to actively locate suitable settlement 
habitats (Stobutzki and Bellwood 1994). After the settlement stage, recruitment 
takes place when individuals establish themselves in the juvenile population 
(Kaufman et al. 1992). The majority of coral reef fish species have a 2-phase 
life cycle where larvae settle directly in the adult habitat, the coral reef. Others, 
however, have a 3-phase life cycle in which larvae settle in a habitat different than 
that of the adults (Adams and Ebersole 2002, Cocheret de la Morinière et al. 2002). 
Adams et al. (2006) defined these species as ontogenetic shifters. Ontogenetic 
shifters in tropical coastal habitats have also been called ‘nursery species’ (sensu 
Nagelkerken et al. 2000a), of which the juveniles grow up in sheltered habitats 
like seagrass beds and mangroves. These putative nurseries are assumed to 
enhance the density, growth and survival of juvenile fish compared to the 
coral reef (Beck et al. 2001, Gillanders et al. 2003, Heck et al. 2003). Nagelkerken 
et al. (2000a) identified at least 17 nursery species, mainly belonging to the 
families Haemulidae, Lutjanidae and Scaridae. The dependence on mangrove/
seagrass habitats appears to be large for some of these species, since absence 
of embayments or lagoons harboring these putative nurseries resulted in adult 
densities of some species being significantly lower on the adjacent coral reef 
(Nagelkerken et al. 2002, Dorenbosch et al. 2004b, Mumby et al. 2004). 
Coral reefs and adjacent back-reef/lagoonal habitats vary in geomorphology, 
and therefore in their suitability as early-juvenile habitats for fishes. Seagrass 
beds and mangroves offer favourable conditions for the survival of newly settled 
fish, such as availability of shelter, lower predator abundance and a high supply 
of food (Parrish 1989, Laegdsgaard and Johnson 2001, Verweij et al. 2006a). For 
nursery species, mainly the late juvenile and adult life stages have been studied 
and little is known about the early- juvenile phase directly after settlement. 
Adams and Ebersole (2002) and Pollux et al. (2007) showed that some fish species 
(Lutjanus apodus and Ocyurus chrysurus) settle directly in back-reef or lagoonal 
habitats, such as seagrass beds and mangroves. Although previous studies have 
shown that larger juveniles of various nursery species depend on mangrove/
seagrass presence (Parrish 1989, Nagelkerken et al. 2000a, 2000c, Mumby et al. 
2004, Adams et al. 2006), this may not be the case for early juveniles of these 
species. An alternative possibility is that larvae of nursery species recruit in 
back-reef as well as in coral reef habitats, but due to higher predation on the reef 
directly after settlement (Shulman 1985, Chittaro et al. 2005), early juveniles are 
predominantly observed in back-reef habitats.
In the current study, we investigated whether four selected nursery species 
also occur as early juveniles on the coral reef. The island of Bermuda was chosen 
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as the study area because relatively little suitable seagrass habitat and almost no 
mangroves are present, in contrast to a very large surface area of shallow shelf-
reefs. This situation is different from other regions in the Western Atlantic where 
seagrass beds and mangroves are readily available, and the study thus tests a 
situation where early juveniles have few possibilities to recruit in the habitats 
most frequently used in other areas. The objective of the present study was to 
determine the degree to which mangrove/seagrass-associated nursery species 
can use shallow coral reefs as alternative early-juvenile habitats in situations 
where mangroves and seagrass beds are not readily available.
Material and methods
Study site
This study was carried out in November 2005 on the islands of Bermuda, located 
in the Western Atlantic Ocean. Bermuda is an archipelago consisting of more 
than 100 islands (referred to hereafter as ‘island’; 32°14’–32°23’N, 64°38’–64°53’W; 
Figure 5.1), with a landmass of only 5,560 ha. The island is volcanic in origin 
and is situated on a shallow (<10 m depth) and large (about 54,331 ha, excluding 
the island) insular shelf (pers. comm. K. Coates, S. Manuel, T. Murdoch and M. 
Shailer, Department of Conservation Services, Bermuda). Shallow patch reefs 
are found throughout the shelf, and at its edge the shelf is surrounded by deeper 
fringing coral reefs. The shoreline mangrove forests, dominated by Rhizophora 
mangle, are not well-developed but do provide some sheltered fish habitat. Total 
mangrove surface area is only about 17.5 ha (Anderson et al. 2001), but this 
includes non-functional mangroves (i.e. mangroves not connected to the sea or 
not inundated). Thalassia testudinum, Syringodium filiforme, Halodule wrightii, and 
Halophila decipiens are the four main seagrass species found in the seagrass beds 
of Bermuda’s embayments as well as on the sandy shelf close to the shoreline 
(Figure 5.1). These seagrass meadows are declining rapidly and now encompass 
an area of 1,625 ha, of which approximately 1,000 ha is found on the shallow 
shelf (Murdoch et al. 2007). The latter harbor low densities of fish compared to 
the seagrass beds located in the embayments (personal observation) and were 
therefore not included.
Study design 
Visual census surveys were performed to determine the number of early 
juveniles present in six different habitat types (Figure 5.1): mangroves (MG) 
(two sites), seagrass beds (SG) (two sites), submarine undercut notches in large 
boulders standing in the water along the shoreline (NT) (one site), patch reefs 
on the interior part of the shelf close (150–1600 m) to shore (SC) (six sites; range 
in live coral cover: 5.2–24.4%), patch reefs on the shelf break close (250–350 m) to 
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Figure 5.1. Bermuda (upper panel) and enlargement of the western part of the islands (lower panel) 
with all sites in the habitat types where visual census surveys were performed (adapted from Murdoch 
et al. 2007). SBO = patch reef on the shelf break offshore, SBC = patch reef on the shelf break close 
to shore, SC = patch reef on the inner shelf close to shore, MS = mangrove and seagrass sites, NT = 
rocky coastline with notches. The outer line of the shelf represents the 10 m depth contour. 
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shore (SBC) (three sites; coral cover: 43.8–78.3%), and patch reefs on the shelf 
break offshore (6.3–9.0 km) (SBO) (two sites; coral cover: 29.8–50.4%). The first 
three habitats types are typically used by nursery species during their late 
juvenile stage (Nagelkerken et al. 2000a, 2000c, Beck et al. 2001) and are therefore 
called ‘putative nursery habitats’ hereafter. The patch reefs surveyed were never 
located deeper than 8 m. Water clarity was always greater than 6 m, extending to 
over 15 m on most reef transects. 
Fish counts were done during daytime (between 11:00 and 16:00) while 
snorkeling (in the mangroves and seagrass beds) or by SCUBA diving (on 
the reefs and in the notches). A stationary point-count method (Polunin and 
Roberts 1993) was used in quadrats of 10 × 10 m to determine densities of early 
juveniles. In the mangroves, transects varied in width between 1.5–4.0 m and 
had a length of 10 m as well. Ten replicate transects per site in each habitat 
type were surveyed during 10 minutes by a single observer. The four selected 
nursery species were Scarus iserti (striped parrotfish), Haemulon flavolineatum 
(French grunt), Haemulon sciurus (bluestriped grunt) and Lutjanus griseus (gray 
snapper). The four non-nursery species were Scarus taeniopterus (princess 
parrotfish), Sparisoma viride (stoplight parrotfish), Sparisoma aurofrenatum 
(redband parrotfish) and Acanthurus bahianus (ocean surgeonfish). Selection of 
these species was based on early juveniles showing highest abundance during 
the sampling period and belonging to fish families that included nursery species. 
Settlement indicates the initial establishment of larvae onto benthic substrate 
(Adams et al. 2006), whereas recruitment refers to the actual establishment of 
recent settlers into the fish population (Caley et al. 1996). In our study the focus 
was on recently recruited individuals of the focal species. Sizes of early juveniles 
of representatives of the studied families are <4 cm (Leis 1987, Tolimieri 1998, 
Adams and Ebersole 2002, Mateo and Tobias 2004, Rooker et al. 2004, Pollux et 
al. 2007), and hence their size was estimated in the size classes <2 cm and 2–4 
cm. It should be noted that the present study did not attempt to determine the 
absolute degree of recruitment in the studied habitat, since this was not possible 
due to the short study period of the sampling. Specifically, we compare relative 
habitat use and investigated whether early juveniles of some nursery species that 
are associated with mangrove/seagrass habitats throughout the Caribbean are 
able to use alternative juvenile habitats. Even though the study period was short, 
presence of early juveniles of nursery species in non-mangrove/seagrass habitat 
would indicate a certain degree of flexibility in juvenile habitat use. 
Results
Early juveniles of the eight coral reef fish species showed clear differences in 
their distribution among habitats between nursery and non-nursery species. 
79
Alternative habitats for early juvenile fishes
Early juveniles of the four selected non-nursery species, i.e. S. taeniopterus, S. 
viride, S. aurofrenatum and A. bahianus, were only present in patch reef habitats 
(Figure 5.2). For the most common size class of 2–4 cm, they were significantly 
more abundant on the shelf break (SBC and SBO) than on the inshore patch reefs 
(nested ANOVA, p ≤ 0.004), except for A. bahianus which was also abundant on the 
inner shelf close to shore. These species were never found in the putative nursery 
habitats (mangroves, seagrass beds and notches). In contrast, early juveniles of 
two nursery species, L. griseus and H. sciurus, predominated in seagrass beds and 
mangroves, and the latter species also showed a high abundance in the notches 
(Figure 5.3). These two nursery species showed negligible to no presence of early 
juveniles on any of the shallow patch reefs. In contrast, the nursery species H. 
flavolineatum showed presence of early juveniles in the putative nursery habitats 
as well as on the patch reefs, while early juveniles of S. iserti were significantly 
more abundant on the various types of patch reefs than in the putative nursery 
habitats (Figure 5.3). 
Discussion
Consistent with our expectation that non-nursery fish species use the coral reef 
as their benthic habitat throughout all life stages, their early juveniles were only 
observed in the coral reef habitats. This life history strategy has been shown for 
these species in other studies as well (Adams and Ebersole 2002, Nagelkerken 
2007, Pollux et al. 2007). For the nursery species, there seems to be diversity 
in early-juvenile habitat use. In western Bermuda, where sheltered mangrove 
sites and seagrass beds were not readily available, some nursery species (i.e. H. 
flavolineatum and S. iserti) were able to use shallow patch reefs as early juvenile 
habitats. A recent review of the literature on habitat utilization by fish throughout 
the Caribbean showed that juveniles of these two species have also been observed 
on shallow reefs in other areas where mangroves or seagrass beds do occur on a 
larger scale (Nagelkerken 2007). The two other nursery species H. sciurus and L. 
griseus, however, seemed to be less flexible and more dependent on the putative 
nursery habitats in Bermuda, even though these were not extensively available. 
The review of Nagelkerken (2007) showed that (early) juveniles of these two 
species are (almost) never found in coral reef habitats elsewhere in the Caribbean, 
supporting the high dependence of these two species on these putative nursery 
habitats.
In concordance with an earlier study (Pollux et al. 2007) we demonstrate here 
that early-juvenile habitat use among nursery species is not random. Instead, 
species-specific patterns of early-juvenile habitat use were observed. On most 
Caribbean islands post-larval fishes must cross a coral reef or shelf before they 
can enter lagoons or embayments harboring mangroves, seagrass and algal beds 
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Figure 5.2. Mean (+SE) densities per 100 m2 of early juveniles of four non-nursery fish species in 
six different habitat types in Bermuda. n.o. = not observed. See legend of Figure 5.1 for habitat 
abbreviations. Different letters indicate significant differences (nested ANOVA, p < 0.05) among 
habitats for the 2–4 cm size class. Habitats showing absence of fish were excluded from the statistical 
analysis due to lack of variance with zero-values. 
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Figure 5.3. Mean (+SE) densities per 100 m2 of early juveniles of four nursery fish species in 
six different habitat types in Bermuda. n.o. = not observed. See legend of Figure 5.1 for habitat 
abbreviations. Different letters indicate significant differences (nested ANOVA, p < 0.05) among 
habitats for the 2–4 cm size class. Habitats showing absence of fish were excluded from the statistical 
analysis due to lack of variance with zero-values. 
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where they can recruit (Adams and Ebersole 2002). In contrast to islands 
where the coral reef is situated on a slope close to shore, the coastal area of 
Bermuda consists of a very large shallow shelf, where some nursery species 
like H. flavolineatum and S. iserti appear to find suitable recruitment habitats at 
varying distances from shore. These two species might show a trade-off strategy 
where direct settlement in the first encountered habitat (i.e. patch reefs on the 
shelf break offshore), but with a potentially higher predation risk, is possibly 
weighed against settling in or finding other more appropriate habitats located 
farther inshore. This contrasts with the observed patterns for H. sciurus and L. 
griseus which were never found on the shelf break, suggesting species-specific 
mechanisms in habitat selection by nursery species. Recent studies show that 
coral reef fishes can use environmental cues to actively locate suitable settlement 
habitats, including mangroves and seagrass beds (Kingsford et al. 2002, Lecchini 
et al. 2005a, Huijbers et al. 2008), yet it is unknown if early juveniles are able to 
use these cues to distinguish between different habitat characteristics such as 
presence of suitable shelter, availability of food and predator abundances.
In conclusion, the present study shows that some nursery species can be 
flexible in their choice of early-juvenile habitats. While early juveniles of L. 
griseus and H. sciurus prevailed in their common putative nursery habitats like 
seagrass beds, mangroves and notches, two other recognised nursery species, H. 
flavolineatum and S. iserti, seem to be more opportunistic in environments where 
a variety of shallow-water habitats exist in close proximity to each other. Early 
juveniles of four non-nursery fish species were never found in sheltered putative 
nursery habitats in the specific setting of habitats as occurring in Bermuda.
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Abstract 
Movement of fish across habitat boundaries provides linkages between 
ecosystems such as mangroves, seagrass beds and coral reefs. Direct evidence of 
fish movement is scarce, and it is unclear if these habitat shifts occur abruptly or 
in a stepwise process during which fish expand their home range from nursery 
bays toward nearby coral reefs. In this study, acoustic telemetry was used to 
investigate movement patterns of schoolmaster snappers, Lutjanus apodus, in the 
channel of Spanish Water Bay in Curaçao, which connects the central part of 
the bay with the adjacent coral reef. Fish were detected for a period up to twelve 
months and showed individual variation in detection patterns, although a clear 
diel pattern was visible overall with most detections during the night when fish 
are more active. Bay-to-reef movement patterns were detected for fish that were 
significantly larger than fish that were only detected in the bay. However, stable 
isotope signatures in fin tissue of fish that showed these movements were similar 
to fish that resided in the bay, indicating that bay-to-reef movements were likely 
exploratory behavior as opposed to feeding excursions. Our results suggest that 
movement to new territory is mainly initiated at larger size classes, possibly 
due to reduced predation risk, and that these habitat shifts are relatively fast 
and under the protection of darkness during night-time. Understanding these 
processes is essential for identification of ecologically relevant spatial scales for 
management strategies related to conservation of coastal fish populations.   
Bay-to-reef movement patterns of schoolmaster snappers
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Introduction
Linkages among tropical coastal habitats contribute to the high biodiversity 
and productivity that characterize these ecosystems. Movement of fish among 
different habitat types can enable such linkages (Pittman and McAlpine 2003). 
The underlying mechanisms that cause fish to move, act across multiple spatial 
and temporal scales. They include both short-term goals, resulting in daily 
movements between foraging and resting areas, as well as long-term purposes 
such as spawning migrations and ontogenetic habitat shifts (Dahlgren and 
Eggleston 2000, Krumme 2009). Knowledge about the spatial scale and patterns 
of fish movement is important for conservation and management initiatives, 
including the design of marine protected areas (MPAs), yet empirical data to 
quantify movement are still scarce.     
The scale at which movement patterns occur is often related to different life 
history strategies of species (Pittman and McAlpine 2003). Many marine species 
have multiple life stages, including a pelagic larval phase and a benthic juvenile 
and adult phase. During the benthic phase all life stages can use the same habitat, 
or juveniles can use distinct habitats and migrate to the adult habitat in a later 
stage (Adams et al. 2006). For example, back-reef habitats such as seagrass beds 
and mangrove forests are known to hold large densities of juvenile fish, which 
are assumed to move to the coral reef once they mature (Nagelkerken 2009). 
Movement patterns across these habitats have previously been shown indirectly 
by underwater visual observations (Nagelkerken et al. 2000c, Mumby et al. 2004), 
determination of diet shifts (Cocheret de la Morinière et al. 2003a, Nakamura and 
Sano 2005) or changes in isotope signatures of fish tissue or otoliths (Chittaro et 
al. 2004, Verweij et al. 2008). However, these methods supply information at the 
species level without any details on individual behavior, and are not sufficient 
to establish if habitat shifts occur abruptly, or as a stepwise process with fish 
moving slowly from inshore habitats toward the coral reef.
Direct evidence of fish movement can be provided by the use of artificial 
tags (Gillanders 2009). External bead tags can reveal daily movement patterns 
among back-reef habitats, but such tags last only for a few weeks (Beets et al. 
2003, Verweij and Nagelkerken 2007, Verweij et al. 2007). Internal coded wire 
tags are useful for long-term studies and can be used to investigate movement 
from mangrove/seagrass areas to coral reefs (Bouwmeester 2005, Verweij and 
Nagelkerken 2007). However, fish need to be killed to read the individual code on 
the tag, and this method therefore provides only information about the start (tag) 
and end (recatch) location without any further information about the in-between 
movement patterns of the fish. Acoustic telemetry is increasingly being used to 
examine fish movement, providing a method for continuously monitoring fish 
migrations over longer periods in their natural environment (e.g. Luo et al. 2009, 
Meyer et al. 2010, Alos et al. 2011, Farmer and Ault 2011). 
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In this study, acoustic telemetry was used to investigate individual differences 
in bay-to-reef movement patterns of schoolmaster snapper, Lutjanus apodus. We 
hypothesized that fish will increase their home range as they grow, as it is a 
common observation that home range size differs among species and individuals 
of different sizes (Kramer and Chapman 1999, Jones 2005), and eventually 
include the coral reef area in their home range before their final migration to 
the adult habitat. The proximate driving factor for nursery-to-reef migrations is 
thus assumed to be body size. We therefore tested if movement patterns and core 
area of activity differ between fish of a) different body size, and b) home areas in 
nursery habitats located at different distances from the coral reef. Additionally, 
stable carbon isotope signatures of fin tissue were analyzed to test if differences 
in core area of activity are reflected in the diet of fish. Finally, we investigate 
whether home-range extension occurs simultaneously with night-time feeding 
activities, or is a specific day-time search behavior.
Materials and Methods
Study area and species 
The present study was conducted on the island of Curaçao in the Southern 
Caribbean Sea (12°07’N, 68°55’W). Movement patterns of schoolmaster snappers, 
Lutjanus apodus, were studied in the channel of Spanish Water Bay (Figure 6.1), 
which connects the central part of the bay with the adjacent coral reef. This 
channel is relatively long (1.1 km) and deep (11–18 m). The shallow parts of the 
channel are covered with turtle grass, Thalassia testudinum, with some isolated 
stands of red mangrove, Rhizophora mangle, along the shoreline, which consists of 
boulders, notches and crevices formed by a fossil coral reef terrace. The average 
daily tidal range is 30 cm. The shallow (6 m water depth) mouth of the bay is 
85 m wide, and situated at the sheltered south-western coast of the island. The 
fringing coral reef stretches along the entire south-western coast of Curaçao. 
From the shore, the reef terrace gradually slopes to a drop-off at approximately 
7–9 m depth. At the drop-off the reef slopes off steeply, and ends in a sandy plain 
at 80–90 m.      
Schoolmaster snapper is an abundant and commercially important 
Caribbean fish species (family Lutjanidae). The species is a nocturnally active 
zoobenthivore, and shelters in structurally complex habitat types during the 
day (Verweij et al. 2006a). Juveniles of this species are highly associated with 
mangrove habitat, while larger (>20 cm total length) (sub)adults are mainly found 
on the coral reef (Nagelkerken et al. 2000a, Cocheret de la Morinière et al. 2002). 
Fish reach maturity at approximately 25 cm (Munro 1983). 
Bay-to-reef movement patterns of schoolmaster snappers
89
Fiure 6.1. Overview of the study area. The right panel shows the arrangement of receivers throughout 
the channel and on the adjacent coral reef.
Tagging and tracking
Schoolmaster snappers were captured with fish traps in the channel overnight, 
and by hook and line during the day between August and December 2008. Fish 
were anesthetized in a mixture of fresh seawater and clove oil, and measured 
for fork length (FL) to the nearest millimeter. Small acoustic transmitters (V7, 
Vemco; 18 mm long) were surgically implanted in the abdominal cavity of the 
fish through a 1 cm incision between the pelvic and anal fins. The incision was 
closed with two stitches using a C-curved needle with attached suture. After 
the surgery, fish were transferred to a bin with fresh seawater and released after 
approximately one hour, during daytime hours. All tagged fish seemed alert 
and swam away vigorously upon release in the water. A total of 72 fish were 
tracked with these acoustic tags, of which 49 were pre-programmed with 180–
300 seconds delays between individual transmissions (‘slow pingers’), and 23 
with 30–90 seconds delays (‘fast pingers’). Each tag transmits a unique acoustic 
pulse train which permits identification of individual fish. The estimated battery 
life was 420 days for slow pingers and 140 days for fast pingers, respectively. 
To monitor fish movements, an array of 15 stationary omnidirectional acoustic 
receivers (VR2, Vemco) was deployed in the channel of Spanish Water Bay and 
on the adjacent coral reef. Eight receivers were placed in the channel area of the 
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bay, one receiver in the mouth of the bay, and six receivers were placed on the 
coral reef (Figure 6.1). Seven of the receivers in the bay were located at ‘home’ 
sites where fish were caught in their shelter areas (mentioned below as home 
receivers), and one receiver was placed at and additional site in-between home 
areas (# 8046 in Figure 6.1). Each receiver continuously recorded the time and 
date of each passage of a tagged fish. Data were regularly downloaded from each 
receiver throughout the study period, which lasted from August 2008 till August 
2009. During the first six months, data from the receivers was downloaded every 
month. Upon retrieval from the water in August 2009, three reef receivers were 
missing, and thus data from these receivers is lacking for the last six months 
of the study. The detection range of the receivers depends on the water depth, 
turbidity and habitat complexity and might thus have differed among receivers. 
Generally, the detection range was estimated to be smaller (~50m) in the shallow 
areas of the channel, compared to the deeper water layer above the coral reef 
(~100 m), based on results of other studies (Luo et al. 2009, Meyer et al. 2010, 
Topping and Szedlmayer 2011).
In addition to these stationary receivers, a hand-held receiver and hydrophone 
(VR100, Vemco) were used on four separate days (25–26 October and 14–15 
December) to try to detect tagged fish throughout the study area and on the reef 
beyond the detection range of the receivers up to 2 km up-current as well as 
down-current from the mouth of the bay. This mobile tracking was done from a 
small Boston Whaler boat with the hydrophone halfway between the substrate 
and the water surface. In case of a detection the individual code of the fish, the 
coordinates of its position, and the date and time were automatically recorded 
by the receiver.  
Stable isotope analysis
A small sample of the dorsal fin tissue was removed of each tagged fish for stable 
isotope analysis. Stable carbon isotopes in tissue reflect recent (weeks to months) 
food sources (Hobson 1999), and are generally more depleted in mangroves 
compared to the coral reef (Nakamura et al. 2008). Stable nitrogen isotopes reflect 
trophic levels and have been shown to differ in fish tissue between bays and the 
coral reef (Verweij et al. 2008) and were analyzed for additional discriminative 
power. Stable isotope signatures of fin clips are similar to those in fish muscle 
tissue, which is used most often in stable isotope studies, but prevents the tagged 
fish to be sacrificed (Jardine et al. 2011). The fin samples were oven-dried at 60˚C 
for 48 hours and then ground to a homogenous powder. Approximately 0.30 mg of 
sample was used for the analysis. δ13C and δ15N were measured using a Finnigan 
EA-IRMS (elemental analyzer-isotope ratio mass spectrometer) with Dynamic 
Flash Combustion. Stable isotope ratios are expressed relative to Vienna PDB 
standard for δ13C, and atmospheric nitrogen for δ15N. Average reproducibility of 
stable carbon and nitrogen isotope ratios was within 0.15‰. 
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Data analysis
Linear regression was used to test for the effect of fish size (FL) on the number 
of receivers at which a fish was detected, the detection span in days (day tagged 
– last day detected), number of days detected, total number of detections, and 
maximum distance recorded away from the home receiver, for fast and slow 
pingers separately. For fish that were detected on multiple receivers, maximum 
recorded distance was estimated by using the shortest linear receiver-to-receiver 
distance between the home receiver and the receiver farthest away from the 
home area. For fish detected at only a single receiver this distance was set at 50 
m which is approximately the maximum detection diameter in the shallow bay. 
The number of receivers at which fish were detected and the maximum 
distance recorded away from the home receiver were used as measures for the 
core area of activity. The relation between each of these measures and the diel 
activity pattern (percentage day and night detections) of fish was tested using 
linear regression.  
Cluster analysis was used to calculate similarity in the carbon and nitrogen 
stable isotope signatures among individual schoolmasters.
Results
Detection frequency
In total, 341,342 tag detections were obtained over the course of 12 months, of 
which only 76 signals were detected outside the bay area (either in the mouth 
of the bay or on the coral reef). Two fish were never detected after release, and 
seven fish were detected less than 12 times. These nine fish were excluded from 
the dataset, leaving 63 fish for analysis.
Fish with fast pingers (n = 21) were detected 11,455 times on average (range: 
16–60,372) across an average period of 109 days (range: 3–155). Twelve fish with fast 
pingers were detected throughout the estimated battery life (146–155 days). Fish 
with slow pingers (n = 42) were detected 2,458 times on average (range: 12–22,305) 
across an average period of 174 days (range: 3–363). Three fish with slow pingers 
were detected throughout the study period (360–363 days). The percentage ratio 
of total days detected to total days monitored ranged among individuals from 2.9 
to 100% (average: 72.4%). Tagged fish ranged in size between 10.8 and 27.1 cm FL 
(mean = 16.9 cm), and thus included both juvenile and presumably mature fish. 
Although individual fish were detected for a period up to 363 days, there 
was substantial variation in the frequency of detections over time. While some 
fish were detected on a daily basis throughout the period, others were detected 
frequently only in the first weeks after tagging and sporadically thereafter. 
Manual tracking did not result in any additional detections besides detections of 
the stationary receivers, on which all further results are based.
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Effect of body size
There were significant differences in body size between fish equipped with fast 
(mean FL ± SD = 14.8 ± 2.4 cm) and slow (17.9 ± 4.3 cm) pingers (independent 
t-test, p < 0.001). Therefore the effect of body size on detection variables was 
analyzed for these two groups separately (Table 6.1). For fish with fast pingers, 
body size had a positively significant effect on the number of receivers visited, 
the number of detections and the maximum distance recorded away from the 
home receiver, while the detection span and the number of days on which a fish 
was detected were not affected by body size. Fish size had no significant effect on 
any dependent variable for fish with slow pingers. 
Table 6.1. Effect of body size on detection variables for schoolmaster snappers tagged with fast or 
slow pingers, based on linear regression analysis. * Significant effect of body size on variable.
Fast / Slow R² Slope p-value
Fast 0.28 0.34    0.013 *
Slow 0.04 0.08 0.197
Fast 0.19 10.66 0.051
Slow 0.00 -0.66 0.892
Fast 0.12 8.44 0.132
Slow 0.02 3.86 0.337
Fast 0.24 3756.70    0.023 *
Slow 0.04 212.46 0.221
Fast 0.26 27.78    0.019 *
Slow 0.01 6.31 0.666
Number of receivers visited
Detection span in days
Days detected
Number of detections
Maximum distance recorded 
aw ay from home receiver
Core area of activity
Nineteen schoolmasters were detected at only one receiver (Figure 6.2), which 
was always the receiver located in their home area where they had been caught. 
Sixteen fish were detected at two receivers, and 87.4% of these detections were 
at the home receiver. For 13 of these 16 fish, the second receiver was the nearest 
receiver from their home area within a maximum distance of 230 m. For fish 
detected at 3–7 receivers, less than 14% of the detections came from receivers 
other than the home receiver. Only one fish that was detected on nine different 
receivers was detected for more than 50% of all detections at receivers other than 
the home receiver. Most fish (n = 55) were detected at receivers within a distance 
of 500 m from their home receiver (Figure 6.3).    
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Figure 6.2. Percentage of detections at home receiver vs. other receivers. Total number of fish per 
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Day/night patterns
There was a clear temporal pattern in the percentage of detections, regardless 
of the use of fast or slow pingers (Figure 6.4). Between 12:00 and 19:00 hr, the 
percentage of detections was almost half of that recorded during the night. The 
highest percentage for slow pingers was observed after sunrise (07:00-09:00 hr). 
For fish with fast pingers, detections remained equally high during the night and 
from 07:00-09:00 hr. Fish equipped with both types of pingers showed a short, 
but conspicuous decrease in detections at sunrise around 06:00 hr.  
The percentage of night (18:30-06:30 hr) detections significantly increased 
with body size (linear regression, R² = 0.25, slope = 5.8, p = 0.021) for fish with 
fast pingers. This relationship was not significant for fish with slow pingers (R² = 
0.002, slope = 0.3, p = 0.761).
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Figure 6.4. Hourly distribution of signals from fast and slow pingers detected by receivers in the bay.
Between-habitat movement
Movement between the mangrove/seagrass areas in the channel of the bay and 
the adjacent coral reef was detected for seven individuals (Table 6.2). These seven 
fish were significantly larger (independent t-test, p = 0.039) in size (mean FL = 19.8 
± 3.9 cm) than fish for which no movement toward the reef was recorded (16.5 ± 
4.0 cm), although 19 fish belonging to the predominant size class of fish that had 
moved (17.4–26.7 cm) did not show a reef-ward movement. The home receivers of 
four of the seven fish that moved were located in the channel area closest to the 
mouth of the bay (# 7233 and 7231). 
Six fish were recorded at the receiver in the mouth of the bay (# 7234), which 
connects the bay to the coral reef. It is highly likely that these fish moved between 
the bay habitats and the coral reef, however, only one of these fish (50593) was 
also detected at a reef receiver. The seventh fish (51070) was not recorded in the 
mouth of the bay, but only on one of the reef receivers.
Three fish (50586, 50600, 51073) were recorded at their home receivers before 
as well as after their detection in the mouth of the bay, and had thus returned 
to their home areas after a possible visit to the coral reef. Two fish (50607, 50589) 
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were never detected in the channel again after having passed the receiver in the 
mouth of the bay, and thus might have moved permanently to the reef.
The two fish that were detected on reef receivers were detected on the 
receivers placed farthest up-current and down-current, respectively, on the coral 
reef about 1 km from the mouth of the bay. Fish 50593 was tagged on 23 August 
2008 at a size of 17.5 cm at home receiver 7087. After release, it was detected for 38 
hours in the vicinity of its home area at four different receivers (# 7087, 7227, 8046 
and 8047). From there, the fish moved farther toward the mouth of the bay on 
25 August where it was detected at receivers 8108 and 7233 between 01:00–03:00 
hr. It passed the mouth of the bay at 05:34 hr but was detected the next morning 
in the channel again at receiver 7231 between 07:22–09:46 hr. Thereafter, the last 
detection was recorded at reef receiver 7235 on 25 August 2008 at 23:12 hr. The 
second fish that was detected on the coral reef (51070) was tagged at a size of 15.4 
cm on 28 August 2008 in the area of receiver 7231. In the channel, the fish was 
detected at receivers 7231 and 7233 every hour for 24 hours after release. From 
29 August to 7 September 2008, the fish went undetected, until it was detected 
at reef receiver 7228. Thereafter, it was detected on seven different days between 
27 December 2008 and 6 August 2009 on the same reef receiver. These detections 
always occurred during daytime between 8:53–17:57 hr.    
Movement between the bay and the coral reef occurred mainly during 
nighttime, as five out of six fish passed the receiver in the mouth of the bay 
between 00:00–06:00 hr. The time between the last detection in the bay and 
the first detection in the mouth of the bay was relatively long (range 1:52–3:59 
hr) considering the inter-receiver distances (only a few hundred meters) and 
potential swim range and speed of this species. 
Stable isotope signatures
There were no significant differences among fish from different home areas for 
either δ13C or δ15N (multivariate GLM, p = 0.068). Cluster analysis of all tagged 
schoolmasters showed a separation in two main clusters although similarity 
between clusters was high (90%). This separation could not be explained by 
differences in home area, the number of receivers visited or the maximum 
distance a fish was recorded away from the home receiver, but was mainly based 
on fork length of fish. Although δ15N did not differ between clusters, δ13C was 
more depleted in the cluster with smaller fish (mean δ13C value = -16.7‰ for mean 
FL of 15.3 cm), compared to the cluster with larger fish (δ13C value = -12.2‰ for 
mean FL of 18.0 cm).
Fish that were detected at the receiver in the mouth of the bay or at a reef 
receiver did not have a significantly different isotope signature compared to fish 
that were only detected in the bay (multivariate GLM, p = 0.445). Visits to the 
reef were thus not predominantly feeding movements but possibly exploratory 
behavior.
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Discussion
Habitat use and movement patterns varied among individual fish, as revealed in 
this study by the use of acoustic telemetry. This variation could partly be explained 
by differences in body size. Larger fish were detected at more receivers, had 
larger home ranges, and were more active at night compared to smaller fish. Bay-
to-reef movement patterns were detected for fish that were significantly larger 
than fish that were only detected in the bay. Likewise, intrapopulation variation 
in movement patterns of schoolmaster snappers was found in a previous study 
(Hammerschlag-Peyer and Layman 2010), although they did not find any body 
size effect. For all fish in consideration, movement to the reef occurred rather 
abrupt, also for fish with home areas located deeper in the bay, and can thus not 
be regarded as a stepwise process.
Tagged schoolmaster snappers in this study used restricted home areas 
together with other individuals. Some fish were recorded on nearby receivers 
besides their home receiver, but they clearly did not use the entire channel area 
with continuous coastline shelter habitat or seagrass feeding habitat. Fish that 
were tagged in a particular home area were mainly detected by the receiver 
placed there, indicating a very limited core activity area. Among coral reef 
fish species, both habitat specialists as well as ontogenetic habitat shifters are 
known to exhibit strong site fidelity during a specific life stage (Zeller 1997, 
Marnane 2000, Lindholm et al. 2006). Even though differences between day and 
night activity spaces exist due to differences in activity pattern (i.e. resting vs. 
foraging), movement often occurs within relatively small home ranges (Luo et 
al. 2009, Meyer et al. 2010, Farmer and Ault 2011). Verweij et al. (2007) concluded 
that at smaller spatial and temporal scales, schoolmasters did not always use 
the exact same shelter sites every day, and showed a relatively large (6–325 
m) daytime activity radius across days (17–90 days). Our results show that at 
somewhat larger spatial and temporal scales, schoolmasters are only detected at 
a small number of receivers and thus intensively use a particular bay area over 
longer periods of time.
A clear pattern in diel detection frequency was observed, with fewer 
detections during the day compared to the night. The increase in percentage 
of detections during the night is indicative of nocturnal feeding behavior 
causing fish to move around and increasing the possibility to be detected. These 
results correspond with previous studies recording diel movement behavior 
of schoolmasters (Hitt et al. 2011a). Fish equipped with both types of pingers 
showed a considerable decrease in detections at sunrise around 06:00 hr. This 
coincides with the crepuscular period in which predation is assumed to be most 
intense (Helfman 1986). Temporal variation in predation risk is an important 
factor driving animal behavior (Lima and Bednekoff 1999) and might thus have 
caused the decrease in movement detections of schoolmasters during sunrise.
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Bay-to-reef movement was observed for only a few fish. This could have 
been caused either by fish residing in their nurseries for much longer periods 
than previously thought (Gillanders et al. 2003), or due to fast movements by 
reef-visiting fish that were not detected as a result of the relatively long delays 
between pinger transmissions. In the bay, fish are more stationary and thus have 
a higher chance of being detected by the receivers. Once they move from the 
bay toward the reef they could be traversing at a higher speed, as movement 
away from shelter areas or toward unknown territory increases risk of predation 
(Kramer and Chapman 1999). Due to the delay of minimally 30 seconds for fast 
pingers and 180 seconds for slow pingers, respectively, fish could have passed 
the receiver in the mouth of the bay without being detected. Fish that were not 
detected on the reef did thus not necessarily remain exclusively in the channel. 
Movement from inshore bay habitats to the coral reef occurred mainly during the 
night, corresponding to observed bay-to-ocean movements of gray snapper in 
the Florida Keys, where migrations of three fish to and from the reef all occurred 
at night (Luo et al. 2009). Furthermore, habitat shifts were only observed for 
individuals >15.4 cm, and having tagged 25 fish smaller than this size, we might 
have tagged many fish that were not ready to move to the coral reef yet.  
Although night-time behavior in schoolmasters is often related to foraging 
(Hitt et al. 2011a), movement between bay and reef at night did not seem to be 
principally driven by feeding migrations, as the stable isotope signatures in fin 
tissue of fish that showed these movements were similar to fish that resided in 
the bay. Potential food items on the coral reef are depleted in δ13C compared to 
seagrass areas (Cocheret de la Morinière et al. 2003b), which should be reflected 
in the fin tissue of fish moving to the reef. Fish were thus predominantly feeding 
in the bay, but could be divided in two different clusters based on differences 
in body size and δ13C values of their fin tissue. Previous studies showed that 
carbon isotope signatures of potential food items in the mangroves have values 
lower than -16‰ (Cocheret de la Morinière et al. 2003b, Nagelkerken and van der 
Velde 2004b), which corresponds with the more depleted (-16.7‰) carbon isotope 
signature of small fish in our study. Values of δ13C in fin tissue of larger fish 
(-12.2‰) resembled the more enriched values of a diet composed of Tanaidacea, 
shrimps and crabs found in seagrass beds (Cocheret de la Morinière et al. 2003b). 
Combined with the observed differences in numbers of receivers visited and 
maximum distance moved away from the home receiver between fish of different 
fork lengths, this supports the presence of two subpopulations as described by 
Nagelkerken and van der Velde (2004b).     
It remains unknown if the decline in number of fish detected throughout 
the study period is due to premature transmitter failure, mortality of the fish or 
emigration from the study site. Yet, such declines have been reported in previous 
studies as well (Meyer et al. 2010). The receivers in this study only covered a 
small area on the reef, while the reef extends for many kilometers to both 
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the eastern and western sides of the study area. It is possible that fish did not 
remain within the study area throughout the study, or were still present but not 
detected because they were beyond the range of the receiver array. On four days, 
a manual tracker was used to detect fish on the coral reef (up to 2 km from the 
mouth of the bay), but this did not result in additional detections. Nevertheless, 
acoustic tracking gave us a more detailed insight in differences in movement 
patterns within a bay area as well as between bay habitats and the coral reef, for 
a commercially important fish species.
Ontogenetic habitat shifts are often caused by changes in an animal’s needs 
(Werner and Gilliam 1984), and our results show that these shifts can occur very 
abrupt. Fish did not simply move at random until a more suitable location was 
found, or relocate or expand their home range in a stepwise process from the 
bay toward the coral reef. Body size was a clear driver for initiation of reef-ward 
movement, but not for all fish per se. Fish of the same size range as those that 
had moved toward the reef maintained their small home range within the bay. 
For fish that moved toward the reef and then back to their home area, there was 
a delay in return of a daytime period indicating that fish sheltered elsewhere 
during daytime after having moved past the bay mouth. The above finding 
suggest that movement to new territory might be risky and therefore fish initiate 
such movement only at larger size classes when they have outgrown several 
predators, and undertake such movement relatively fast and under the protection 
of darkness. An additional strategy that may enable these fish to successfully 
move to new habitat is initial exploration of the reef habitat, as suggested by the 
movement patterns of several fish as well as observations on externally tagged 
schoolmasters in the same study area (Verweij et al. 2007).
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Abstract
Source-sink dynamics that lead to the formation of marine metapopulations 
have previously been investigated with a focus on larval dispersal, without 
taking into account movement behavior of animals in later life stages. However, 
processes occurring during demersal life stages may also drive the formation of 
metapopulations if habitat quality is perceived differently by animals belonging 
to different life stages. In this study, we used a dual approach to understand how 
stage-structured habitat use, and dispersal ability of adults shape populations of 
a marine fish species. Our study area and species provided us with the unique 
opportunity to study all populations of a closed island-metapopulation. A 
spatial simulation model was used to estimate dispersal distances along a coral 
reef that surrounds the island, while contributions of different nursery bays 
were determined based on otolith stable isotope signatures of adult reef fish. The 
results show that different bays contributed unequally to the adult population of 
the coral reef. Productivity of juveniles by bay nursery habitats determined the 
degree of mixing among local populations on the reef, and one highly productive 
bay contributed most juveniles to the reef fish populations. The contribution 
of the coral reef as a nursery was minimal, even though it had a much larger 
surface area, and this habitat can thus be regarded as a sink. Adult dispersal 
away from reef areas near the mouth of bays was limited. These findings indicate 
that the spatial distribution of source areas and their productivity are important 
drivers for the potential formation of metapopulations of stage-structured 
species. Understanding source-sink dynamics of the demersal phase of marine 
animals is of major importance for the design and placement of marine reserves, 
as source areas contribute differently to maintain adult populations.
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Introduction
Animal movement across habitat boundaries is an important driver to maintain 
connectivity among ecosystems, but habitats are increasingly lost and fragmented 
due to increasing urban development and overexploitation (Munday 2004). 
Fragmentation of habitats that are used by individuals within a population can 
lead to the formation of metapopulations, which are defined as local populations 
that inhabit discrete habitat patches, connected through intermittent interpatch 
migration (Hanski and Gilpin 1997). This implies that processes occurring in 
one area may influence populations elsewhere. Knowledge of metapopulation 
dynamics is essential for management of single species as well as determining 
boundaries for protected areas at the ecosystem level (Sale 2004).
Within the metapopulation concept, source-sink systems are considered as 
a particular case. In this concept some patches (sources) yield a demographic 
excess and export individuals to sink patches, a process which can be caused 
by differences in habitat quality (Dias 1996). This theory has predominantly 
been applied to understand terrestrial population dynamics (e.g. Boughton 
1999, Kreuzer and Huntly 2003, Kanda et al. 2009). More recently, source-sink 
dynamics have been used to understand marine metapopulations induced by 
the fact that many marine species have distinct but connected local populations 
due to freely dispersing larvae (Kritzer and Sale 2006). The focus of most marine 
metapopulation studies has been on the potential of larval dispersal when 
identifying sources and sinks, mainly considering differences in larval supply 
due to current patterns (James et al. 2002, Bode et al. 2006, Figueira 2009, White and 
Samhouri 2011) or habitat heterogeneity (Shima et al. 2010). Little understanding 
has been gained on how movement patterns during consecutive demersal life 
stages could drive the formation of metapopulations.
Movement among habitats can be induced when habitat quality is perceived 
differently by the juvenile life stages of a species compared to their adults, 
resulting in stage-structured habitat use (Mumby 2006). This life history 
strategy leads to spatial separation between adult and juvenile populations. 
A variety of terrestrial and marine species show a stage-structured life cycle, 
for example, juvenile and adult populations that occur in aquatic vs. terrestrial 
habitats, respectively (e.g. hermit crabs: Brodie 1999, frogs: Altwegg 2003), or 
that are separated by thousands of kilometers (e.g. salmon: Dittman and Quinn 
1996, anguillid eels: Tsukamoto et al. 2002). In tropical coastal ecosystems, 
species occur that consecutively utilize different vegetated habitats throughout 
their life cycle (Beck et al. 2001). Juveniles of these species utilize seagrass beds 
and mangrove habitats before finally joining adult populations on coral reefs. 
In absence of these inshore nursery habitats, many species show diminished 
adult populations (Nagelkerken 2009). As such, these nursery habitats may 
act as principle areas that replenish reef populations, leading to a source-sink 
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structure in a coastal seascape (Kritzer and Sale 2006). When adult sinks are 
continuously seeded by adjacent juvenile source areas and the latter are spatially 
isolated from one another, multiple local adult populations could be sustained. 
Consecutively, these populations could act as sources for isolated adult habitat 
patches depending on the dispersal ability of the adults. The main problem in 
understanding such source-sink dynamics lies in the fact that it has proven 
extremely difficult to quantify movement of fish across ecosystems (Pittman and 
McAlpine 2003). Ontogenetic movements occur on relatively long time scales 
and therefore artificial tagging techniques are not appropriate to establish such 
movements. 
Natural chemical tags in fish ear bones (otoliths) are extremely valuable 
tools to study ontogenetic fish movement because otoliths grow continuously 
throughout the life of a fish, and remain chemically inert. Therefore, they 
preserve an uninterrupted life-long record of the fish’s environment (Campana 
1999). Several studies have investigated the spatial differences in chemical otolith 
signatures to discriminate among coastal habitats or locations (e.g. Thorrold et 
al. 1998, Chittaro et al. 2004, Clarke et al. 2009), or have determined movement 
patterns among different habitats (Rooker et al. 2008a, Verweij et al. 2008). Otolith 
δ13C is mainly influenced by dissolved inorganic carbon (DIC) in the seawater, 
while δ18O is often related to variability in temperature and salinity (Campana 
1999). Stable carbon isotope ratios are usually more enriched in seagrass beds and 
more depleted in mangroves compared to coral reefs (Cocheret de la Morinière 
et al. 2003b), and are thus a valuable tracer for movement between these habitats. 
Our study area and model species provided us with a unique opportunity 
to study how source-sink dynamics through stage-structured habitat use 
and dispersal ability of a tropical reef fish can lead to the development of 
metapopulations. Our model fish species is largely dependent on seagrass 
nurseries which in our study area only occur in a number of semi-enclosed 
lagoons, separated from adult populations on the coral reef. Although the coral 
reef supports only low juvenile densities (Nagelkerken 2007), its much larger 
surface area compared to seagrass nurseries may prove it to act as a significant 
source area to adult populations. The island of Curaçao is large enough to expect 
formation of local populations due to potentially restricted movement from 
nurseries along coral reefs, but small enough to study all island populations. As 
the island is an oceanic pinnacle, separated from other islands by deep waters 
(>1.5 km) it provides a true opportunity to study an enclosed demersal population, 
something that is extremely difficult in the marine environment where sedentary 
animals can move over hundreds of kilometers along continental shelves (Clarke 
et al. 2010) and where larval stages are dispersed through oceanic currents along 
distances of up to 1000 km. 
Here, we argue that source bays contribute differently to adult populations 
due to differences in nursery habitat quality and surface area, while dispersal 
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from source bays is limited as movement might increase predation risk. If these 
two factors are important drivers of adult fish population dynamics, we expect 
them to cause source-sink dynamics along island coastlines. Using a spatial model 
based on recruitment and survival, we simulated the contribution of different 
source bays to adult reef populations and the degree of subsequent dispersal 
along the reef. Additionally, stable carbon and oxygen isotope signatures in 
fish otoliths provided empirical data to trace actual movements from source to 
sink areas, and estimate migration distances and the degree of mixing among 
subpopulations on the reef. This combined approach provides us for the first 
time with an understanding of how source-sink dynamics and dispersal shape 
populations of a marine fish species that shows a strong size-structured life cycle.
Material and methods
Species and study area
The Caribbean island of Curaçao, Netherlands Antilles (12°07’N, 68°55’W) 
harbors seven inland bays that harbor seagrass beds (Figure 7.1). Juvenile (≤15 
cm in fork length) yellowtail snappers (Ocyurus chrysurus) live predominantly 
in these seagrass beds, although coral reefs also support small populations of 
juvenile fish (review by Nagelkerken 2007). Migration from seagrass nurseries to 
coral reefs takes place when fish range between 15–25 cm in length (Nagelkerken 
et al. 2000a). Previous research has shown that 98% of the fish collected on the 
reef directly adjacent to two bays on Curaçao originated from seagrass nurseries 
(Verweij et al. 2008). 
Distribution, survival and recruitment estimates
Underwater visual census surveys were conducted to estimate distribution, 
survival and recruitment rates. Abundance and fork length (FL) of yellowtail 
snappers were quantified in transects on the coral reef along the entire south-
western coastline and parts of the highly wave-exposed northern and eastern 
coastlines (Figure 7.1). Visual census was carried out during 2004–2005 at 28 
different reef sites, by roving transects (range: 300–750 m length) during which 
two observers swam with the ocean current for 30 minutes parallel to the drop-
off and coastline. All fish along the transects within a stretch of 10 m width 
between 10–20 m depth were counted and their size estimated. GPS was used to 
determine start and end points to be able to calculate transect length and survey 
area. An additional dataset from 2005–2006 with some overlapping survey sites 
was used to fill in a data gap (13 km of coastline). To match these two datasets, 
the ratio between the fish counts at the overlapping reef sites was calculated, and 
this ratio was used to recalculate the number of fish counted at sites that were 
missing from the principle dataset. 
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For all counted reef fish, the age of a fish at any given length was calculated 
with the von Bertalanffy equation (Lt = L∞ (1-e-K(t-t0))) based on parameters 
calculated by Manooch and Drennon (1987). These age estimates were used to 
calculate the annual survival rate by fitting an exponential curve through the 
number of fish per age class (after dividing the counts per age class by the width 
of the age classes to obtain number of fish per age at the center of each age class). 
To estimate recruitment rates for each possible source in one particular year, 
the total abundance of yellowtail snappers <13 cm FL (i.e. fish <1 year old) in 
each of the seven bays was determined. Fish communities of seagrass beds and 
sandy seabeds were sampled with a beach seine net (see Nagelkerken and van 
der Velde 2004a for detailed methods), providing an estimated density of fish per 
m2. Total number of recruits for each bay was then calculated by multiplying the 
respective fish density per m2 with the total amount of m2 habitat.
Figure 7.1. Overview of the study area with bathymetry lines (depth in meters) around the island and 
the location of the seven bays that harbor major seagrass areas. Circles indicate the four designated 
sink areas on the coral reef (names in italic font). The dots along the coastline show reef sites for 
visual census and collection sites of adult yellowtail snappers (open dots represent sites only for 
visual census, closed dots represent sites for both visual census and collection of fish). ‘Westpunt’ 
indicates the starting point for calculating distance along the coastline.
Spatial simulation model
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To study whether the distribution of yellowtail snappers on the reef along the 
coast of Curaçao can be predicted on basis of a few straightforward demographic 
parameters, we built and analyzed a simple age-based spatial simulation 
model with a 1-year time step. In this model the reef was represented as a one-
dimensional habitat around the island, which is a reasonable assumption for 
Curaçao (distribution of the narrow fringing reef mapped by van Duyl 1985). 
The spatial resolution in the simulations was 100-m-stretches of coastline. We 
used only two demographic rates: 1) a bay-specific number of 1-year-old recruits 
that entered the reef from each bay, and 2) a space- and age-independent annual 
survival rate of fish on the reef (averaged over the two years measured; see above). 
Because dispersal of yellowtail snappers has not been studied before we assumed 
that the kernel of annual dispersal distances (d) of a fish can be modeled with 
a continuously decreasing Weibull curve of which the cumulative distribution 
function is given by 1-e(-d/λ). We optimized the scale-parameter λ to best fit the 
simulated fish counts to the observed fish counts at various locations on the reef. 
As a measure of fit we used the R2 of the correlation between the observed and 
simulated number of fish in the 100-m-stretches where fish abundances were 
determined.
We also studied the correlation of the simulated size distributions with 
the size distributions observed at the various locations. To obtain simulated 
size distribution from our age-based simulation model, we first translated the 
simulated age distributions into size distributions using the size-age formulas 
described above. These local size distributions give the proportions of fish in 
each of the size classes.
Survival rate and number of recruits per year of yellowtail snapper were also 
calculated for two different Caribbean islands, Grand Cayman and Bermuda, 
using existing datasets of visual census surveys on the reef and potential source 
areas (Nagelkerken et al. unpublished data). These parameters were used in 
the same model for direct comparison of the modeled dispersal rate between 
different Caribbean islands. All simulations and optimizations were performed 
in R (R Development Core Team 2010).
Otolith analysis
To empirically investigate how spatially-separated seagrass sources contribute 
to the adult reef population, the otolith signatures of juveniles residing in 
the seven bays were used as baselines to be compared with the juvenile zone 
within otoliths from adults collected on the reef. During several years, juvenile 
yellowtail snappers (mean FL ± SD = 10.5 ± 2.4 cm) were collected from the bays, 
while adult fish (FL >30 cm) were collected from the narrow (150–400 m wide) 
fringing reef of the island and from the offshore island of Klein Curaçao. Sagittal 
otoliths from the right side of the head of each fish were removed, cleaned, and 
stored frozen, and subsequently mounted on glass plates, embedded in resin and 
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then cross-sectioned in the transverse plane through the core. The outer otolith 
margin, which reflects the current habitat, was analyzed for both juvenile bay 
and adult reef fish. Additionally, the juvenile zone of reef fish, which possibly 
reflects an earlier life stage in bay habitats, was analyzed. The mean width of 
juvenile otoliths was used to estimate the margins of the juvenile zone in adult 
otoliths. Otolith material was drilled out by use of a micromill, collected and put 
into glass tubes. Subsequently, a few drops of orthophosphoric acid were added 
at a temperature of 80°C to dissolve all CaCO3. Stable δ13C and δ18O isotope ratios 
of the released CO2 were measured by a Finnigan MAT 252 mass spectrometer 
equipped with an automated carbonate extraction line (Kiel device). The NIST 
SRM 8544 (NBS 19) carbonate standard was routinely monitored during sample 
runs. The precision of analyses based on the measurements of this standard was 
within 0.05‰.
Variation in juvenile δ13C and δ18O otolith signatures among different sampling 
years within bays was evaluated with an independent t-test (n = 2 years) or a one-
way ANOVA (n > 2 years). The otolith δ13C signature of bay fish did not differ 
significantly among years within bays (p > 0.156) indicating temporal stability 
(Table 7.1). For some bays, the δ18O signature did differ significantly among years, 
possibly due to small temperature or salinity differences among years (Campana 
1999). 
Table 7.1. Overview of sampling locations, size range and number of fish collected at each location. 
Differences between otolith signatures of different years are tested with an independent t-test for 
locations with two sample years, or a one-way ANOVA for locations with four or more sample years. 
* Significant differences among years.
 Mean   Range δ13C δ18O
St. Joris Bay 9.8 7.7–12.5 1998: 14 - -
Aw a di Oostpunt 8.8 5.6–12.9 2007: 8 2008: 8 0.191  0.041 *
Aw a blanku 11.9 10.1–15.7 2007: 7 2008: 2 0.328  0.023 *
Fuik Bay 12.0 6.9–16.2 2007: 2 2008: 11 0.829 0.240
Spanish Water Bay 10.6 5.9–15.6 2002: 8 2006: 9 2007: 16 2008: 4 0.857 0.144
Piscadera Bay 12.0 7.2–16.0 2002: 26 2006: 15 2007: 7 2008: 3 0.156   0.010 *
Playa grandi 9.1 7.2–10.7 2007: 14 - -
2001: 3 2002: 4 2003: 2 2005: 1
2007: 36 2008: 26 2009: 2 2010: 16
Location
Fork length (cm)
Number of otoliths analyzed per year
Year differences           
(p-values)
Reef (f ish >30 cm) 38.9 30.3–53.0 0.190  0.009 *
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Source contribution analysis
Spatial variability in otolith δ13C and δ18O among the seven bays was tested with a 
multivariate GLM analysis. Based on this analysis, three different source regions 
were designated (see Results), complemented with the coral reef as a fourth 
possible source. Quadratic discriminant function analysis was used to assess 
the degree to which otolith δ13C and δ18O signatures could be used to correctly 
classify juveniles to their known origin. 
The proportion of adult reef fish originating from each of the four identified 
source areas was predicted by use of a maximum likelihood based mixed-stock 
analysis, ‘HISEA’, developed by Millar (1990). Stable carbon and oxygen isotope 
signatures from bay juveniles from the different nursery regions were used as 
the baseline. Additionally, signatures from the adult margin of large (>30 cm FL) 
reef fish, which are assumed to have lived on the reef for a significant amount 
of time, were used in the baseline for detection of fish that had grown up on the 
reef as opposed to seagrass nurseries. δ13C and δ18O signatures of the juvenile 
otolith zone of (sub)adult reef fish were used as the unknown mixed dataset for 
the estimation of the nursery origin of these fish. Based on the distance among 
reef sampling sites and designated source areas, the reef area was divided in 
four destination (sink) areas (Figure 7.1), and the maximum likelihood analysis 
was run for fish caught in each area separately as reef fish densities differed 
considerably among destination areas (see Results). Maximum likelihood 
estimates and standard deviations were generated in HISEA by bootstrapping 
with 500 simulations.
For each reef sink area, the quantitative contribution of each source area was 
calculated based on the actual density of reef fish. Because the reef areas were 
not of equal length, we calculated the total number of reef fish in each region by 
multiplying the fish density per m2 in each region by the total sink area in m2. 
These numbers were then multiplied by the proportional contribution from each 
source area to ultimately derive an estimate for the actual number of fish that 
each source contributed to a specific reef region in total. For each of the sampled 
regions, the calculated contribution of each source based on otoliths analysis was 
compared to the origin distribution resulting from the simulations described 
above (in which we kept track of the bay of origin of fish).
Results
Dispersal of reef fish
Data from the visual surveys showed that reef fish were not randomly distributed 
along the island’s reefs (Figure 7.2A). Yellowtail snappers were most abundant 
(approximately 150–200 fish per 100-m stretching coastline) on the reef at the 
south-eastern side of the island that ran along Spanish Water Bay, Fuik Bay 
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and Awa blanku (58–70 km from Westpunt). Another peak in abundance was 
found on the reef in front of Piscadera Bay (42 km from Westpunt), although 
numbers were lower here (60–80 fish per 100-m coastline) compared to those at 
the south-eastern side. Considerably lower numbers of fish were found on reefs 
at the northern, western and eastern sides of the island. Despite the fact that the 
island is surrounded by a continuous fringing coral reef, these results indicate 
that dispersal from seagrass nurseries is very limited.
Spatial simulation model
Our spatial simulation model contained only a few estimated vital rates: a 69.1% 
annual survival rate (the mean of 68.6% in 2004–2005 and 69.5% in 2005–2006) 
and an annual recruitment rate of young fish migrating from the bays to the reef 
(2,120 from SJ, 391 AO, 532 AB, 600 FB, 12,541 SW, 400 PB and 434 PG). Calculations 
based on these immigration and death rates resulted in similar predicted fish 
densities on the reef as the observed in situ densities (Figure 7.2A). 
When the λ parameter of the Weibull dispersal function was optimized 
for the simulated fish distribution to best fit the observed fish counts along the 
coastline, the highest correlation (R2 = 58.5%) was found in correspondence with 
a median dispersal distance of 2.3 km/yr. However, at this dispersal rate the 
simulated (Figure 7.2B) and observed (Figure 7.2C) size distributions fitted less 
well (R2 = 17.6%). The opposite was true when we optimized λ for the best fit 
between the simulated and observed size distributions (R2 = 49.3%) resulting in 
a median dispersal distance of 10.7 km/yr. However, this improved fit for the 
size correlations corresponded with a poorer fit for the count patterns (R2 = 
45.7%; Figure 7.3). This suggests that dispersal rates may well be size-dependent. 
Optimization of a size-dependent dispersal model indeed resulted in an optimal 
model with increased median dispersal distances (20–25 km/yr) for the larger (>45 
cm) fish, while the median dispersal distance remained the same (2–3 km/yr) for 
the smaller (<20 cm) fish. The fit of this size-dependent dispersal simulation (R2 = 
59.9% for count distribution and R2 = 49.5% for local size distribution correlations) 
was not much better than that of the size-independent simulation, though. 
The annual survival rates estimated from the size distributions observed 
at Bermuda (68.7%) and Grand Cayman (69.0%) were identical to those found 
on Curaçao. While the number of recruits were much higher (Grand Cayman: 
69,500) or lower (Bermuda: 750), on both islands the fish densities decreased 
more rapidly with increasing distance from the (single) source bays, resulting in 
optimal fits for models with median dispersal rates of only 0.3 (Bermuda) and 0.1 
(Grand Cayman) km/yr (compared to 2.3 km/yr for Curaçao).
Source signatures
Otoliths were analyzed for 154 juvenile bay fish collected in the seven seagrass 
bays of the island. The variance in δ13C and δ18O among bays was first explained 
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by fitting a multivariate model with all eight source areas (seven bays and the 
coral reef) separately. We then tested whether grouping two bays at a time made 
the model fit significantly worse. This was not the case for the pairs SJ-AO, 
AO-AB, AO-FB, AO-SW and AB-SW (p > 0.150). This means that the combined 
δ13C and δ18O signatures of these bays were indistinguishable and they were 
therefore pooled as a source. All other pairs resulted in significantly worse 
models compared to the all-sources-separate model. Based on these results and 
the geographical distribution of the collection areas on the island, three different 
seagrass nursery regions were identified, located at the eastern, central and 
western parts of the island (Figure 7.1).
The coral reef, with a significantly different δ13C and δ18O otolith signature 
(based on reef fish >30 cm) compared to the three nursery regions, was taken 
into account as a fourth possible juvenile source. Reef fish >30 cm showed more 
depleted δ13C values (<-4.4 ‰) in the adult margin compared to the more enriched 
bay otolith signatures (Table 7.2). Combining all possible sources into four 
distinct source areas increased the classification success based on otolith δ13C 
and δ18O considerably (82.8%), compared to eight different source areas (65.2%). 
Source contribution
Based on the predicted median dispersal distance of 2.3 km/yr derived from 
the spatial simulation model, the contribution of each bay to the fish population 
of the reef was calculated (Figure 7.4A, B). Overall, due to the large number of 
recruits, Spanish Water Bay contributed most to the reef populations along the 
greater part of the coastline. Only in more distant regions did local sources 
overrule this contribution (i.e. St. Joris Bay on the eastern part of the island, and 
Playa grandi on the western part of the island).  
The contribution per source was also predicted with a maximum likelihood 
analysis (MLA), based on otolith isotope signatures from 180 (sub)adult reef fish. 
The estimated proportion of fish originating from each source was different for 
the four destination (sink) reef areas (Figure 7.4C). Fish collected from reefs on the 
south-eastern side of the island (between 50–80 km from Westpunt) originated 
mainly from the eastern bays, while fish collected from reefs close to Piscadera 
Bay (‘Central’ reef region, 25–50 km from Westpunt) originated mainly from 
this bay. Reef fish collected in areas distant from any seagrass source (i.e. West 
and Klein Curaçao) had mixed origins from several source areas. The source bay 
Playa grandi only contributed about 20% to the nearest populations along the 
southwestern coast (i.e. West and Central).
Based on the MLA results, the quantitative contribution of each source area 
to each different reef region was calculated (i.e. actual number of fish observed 
per reef area multiplied by estimated proportion and summed per source) (Table 
7.2). Overall, these results showed that only 3% of the (sub)adult yellowtail 
snappers collected on the coral reef originated from the coral reef. Therefore, we 
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can exclude the reef as a significant juvenile source. Of the three inshore nursery 
regions, the eastern bays (59.1%) appeared to be the most important source area 
to the island’s metapopulations, compared to Piscadera Bay (34.2%) and Playa 
grandi (3.6%).
Table 7.2. Mean (±SD) carbon and oxygen stable isotope ratios of yellowtail snapper collected in 
four different source areas (three inshore nursery areas and the coral reef as fourth possible juvenile 
source).
Source area N δ13C ± SD (‰) δ18O ± SD (‰)
Essential 
habitat (m2)
Total 
contribution   
(# of fish)
Total 
contribution 
(%)
Contribution 
/ unit area
Eastern bays (St. Joris, 
Awa di Oostpunt, Awa 
blanku, Fuik Bay, 
Spanish Water Bay)
89 -2.4 ± 0.9 -1.2 ± 0.4 661,341 7400 59.1 0.01
Piscadera Bay 51 -4.1 ± 0.8 -1.0 ± 0.3 13,133 4281 34.2 0.33
Playa grandi 14 -4.3 ± 0.5 -1.4 ± 0.3 1,486 456 3.6 0.31
Reef 90 -5.2 ± 0.4 -0.6 ± 0.5 7,865,176 379 3.0 0.00
Discussion
This study provides evidence for the existence of a source-sink metapopulation 
in a fish species with a stage-structured life cycle as a result of spatially separated 
source areas and limited dispersal of adults. We used a combination of empirical 
data from in situ size-frequency distributions of fish and otolith chemistry, 
and modeled dispersal based on simple demographic parameters. Whereas 
the understanding of marine source-sink dynamics has mainly been based on 
larval dispersal through ocean current patterns (James et al. 2002, Bode et al. 
2006, Figueira 2009), the present study provides an understanding of processes 
occurring during the demersal phase of the juvenile and adult life stages, which 
is of vital importance to understand demographic connectivity among habitats.
Although on continental shelves fish are able to move long distances away 
from juvenile habitats (Gillanders et al. 2003), our results show limited dispersal 
on island-level for a reef-associated fish. For individual organisms, movement 
may be risky due to predation (Almany 2004). Therefore, if local habitat quality 
is appropriate there is no need for long-distance dispersal. Besides limited 
dispersal, our results also demonstrate that source areas contribute differently 
to adult reef populations. Based on a median dispersal distance of 2.3 km/yr, as 
predicted by the spatial simulation model, most sources contributed only to local 
reef populations, except for one bay (Spanish Water Bay) with a disproportional 
large standing stock of juvenile fish. The combined effect of limited dispersal 
and unequal contributions of different source areas leads to the conclusion 
that the spatial distribution of source areas is an important driver of the spatial 
distribution of adult populations, and thus for the potential formation of 
metapopulations.
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In support of our model-based contribution estimates, otolith chemistry also 
revealed that not all source areas of this closed demersal population contributed 
significantly to the adult reef fish population. A maximum likelihood analysis 
clearly showed that the majority of the (sub)adult reef fish population originated 
from seagrass nurseries on the eastern side of the island. The coral reef itself 
contributed only 3% to the reef population even though its surface area was an 
order of a magnitude larger than that of all seagrass bays combined. These results 
indicate a strong and rather complex source-sink structure in a closed demersal 
population of this fish species, with a clear spatial separation of sources vs. sinks. 
A dual source-sink structure was present: (1) a stage-structured one with habitat 
patches represented by different ecosystems in which the entire reef habitat 
acted as a sink and various seagrass bays as sources, and (2) a regular one with 
patches represented by a single ecosystem in which the disproportionate seeding 
of subadults by Spanish Water Bay to the adjacent reef resulted in consecutive 
seeding of adults by this ‘source’ reef to more distant reef areas which acted as 
sinks.
Otolith chemistry previously indicated that different nursery areas might 
unequally contribute juveniles to adult populations (Gillanders 2005, Mateo et 
al. 2010, Rooker et al. 2010). Although most studies have aimed to determine 
connectivity among habitats on a population level, the calculated contribution 
from each putative source area is often not related to the adult population 
densities at different collection sites as was done in this study. In case of skewed 
density distributions of fish in the adult habitat, such a density-independent 
approach leads to biased predictions of importance of individual source areas. 
Furthermore, in most study areas it is hard to sample all possible sink areas 
due to the existence of open populations. Our study area provided us with the 
excellent opportunity to study a closed demersal population. Although it was 
not possible to distinguish the origin of reef adults among the five bays in the 
eastern source area, our results clearly show that the island reef populations can 
be maintained by a single distant source area.
Quantifying the value of different juvenile source areas is indispensable for 
effective management of coastal ecosystems, yet this quantification might vary 
as a result of which concept is used to define nursery or source areas (Fodrie and 
Levin 2008). Based on the definition of Beck et al. (2001), a habitat can be regarded 
as a nursery if the contribution per unit area is larger compared to other habitats. 
If we applied this theory to our results, the eastern source area would not be 
classified as an important nursery (contribution/unit area: 0.01, Table 7.2), while 
Piscadera Bay (0.33) and Playa grandi (0.31) would be. However, based on the 
expanded nursery theory of Dahlgren et al. (2006), the eastern bays which have 
a greater than average overall contribution (59.1%) to the adult population would 
be regarded as the most important nurseries. Furthermore, at ecosystem level the 
amount of available habitat appears to be less important than its quality, which 
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is demonstrated by the fact that the total reef surface area is twelve times larger 
than that of seagrass in the eastern bays, yet the contribution is about twenty 
times lower. Hence, in trying to understand what drives replenishment of fish 
populations, life history strategy (in this case stage-structure), habitat quality (in 
this case seagrass beds for juveniles), and quantity of essential habitat (in this 
case surface area of seagrass) are critical factors to consider.
Marine metapopulation models are often primarily based on dispersing 
pelagic larvae, regarding juveniles and adults as non-motile or incorporating 
juvenile or adult movement as a simple diffusion process (Botsford et al. 2001, 
Gerber et al. 2003). The results of our model show that the latter is not the case, 
as dispersal rates are probably size-dependent with larger fish dispersing farther 
away than small fish. Furthermore, the significantly lower median dispersal rates 
of fish on Grand Cayman and Bermuda, with much higher and lower number of 
recruits, respectively, than on Curaçao, indicate that dispersal away from source 
areas is not density-dependent as is often assumed (Shepherd and Litvak 2004).
In addition to behaviorally-driven dispersal of adult fish, early juveniles also 
show active orientation behavior to find suitable settlement habitats after their 
pelagic stage (Leis 2006). Previous studies showed that they can use olfactory 
cues to find inshore nursery areas (Huijbers et al. 2012). Although the smallest 
reef fish were predominantly found on reefs close to source areas, we did observe 
a lack of fit between the observed and simulated size distributions, which is 
probably due to a relatively large proportion of small fish at one reef site (15 
km from Westpunt). On such reef areas that lie well away from tidal bay water 
plumes containing crucial olfactory cues of nursery habitat, settlement-stage fish 
larvae are probably forced to settle on the reef as the time window for settlement 
is a few days at the most (Kaufman et al. 1992). Hence, neither adult nor juvenile 
movement can be regarded as passive behavior, and knowledge about this 
behavior can provide valuable spatially-explicit information for management 
strategies. In our case it shows that different life stages show specific behavior 
that results in spatially-explicit distribution of specific stages. 
Over the past 20 years, the number of both modeling and empirical studies 
incorporating fish movement has increased, especially for the design of marine 
reserves (Gerber et al. 2003, Grüss et al. 2011). The results of our spatial simulation 
model show that source productivity and dispersal across ecosystem boundaries 
can be predicted based on easily acquired measures and few assumptions. The 
observed densities of yellowtail snappers and their spatial distribution on the 
reef matched very well with that predicted by the simulation model, as did the 
source contribution calculated from otolith chemistry and the simulation model. 
However, knowledge about juvenile and adult fish movement is still very limited 
and remains a critical science gap in understanding ecosystem connectivity (Sale 
et al. 2005). Connectivity among source and sink habitat patches can be preserved 
by dispersal of animals, but this dispersal might be impeded through habitat loss 
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or fragmentation leading to barriers too large to cross for certain species (Turgeon 
et al. 2010). Corridors can increase movement among patches (Gilbert-Norton et 
al. 2010), but their effectiveness for demersal marine species has not been widely 
explored. According to Crowder et al. (2000), placement of reserves in sink areas 
alone might not be beneficial for sustaining reef fish populations. Especially 
when source habitat is short in supply, which is the case in our study area where 
the surface area of seagrass beds is much lower compared to the total coral reef 
area, the identification and protection of these areas is critical for designating 
effective marine protected areas. Finally, to maintain movement of organisms 
from source to sink areas, management strategies should also preserve corridors 
between habitats that function as stepping stones for movement of organisms.
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In the tropics, coral reefs, mangrove forests and seagrass beds are the most 
prominent coastal habitats, providing a species rich and diverse seascape. 
Connectivity among these ecosystems is partially maintained through animal 
movement which occurs across multiple spatial and temporal scales (Pittman 
and McAlpine 2003). Many marine species have a stage-structured life history 
strategy and utilize several habitat types at different stages of their lives 
(Nagelkerken 2009). Although knowledge about dispersal mechanisms and 
movement patterns of these species is crucial for research and management 
initiatives, it still remains rudimentary. This thesis provides a significant 
contribution to our understanding of fish movement and habitat selection across 
the tropical seascape. 
Research on animal movement does not only comprehend the investigation 
of spatiotemporal distribution patterns of animals, but should also refer to 
mechanisms used for orientation toward different habitats (Holyoak et al. 2008). 
In this thesis, the orientation of early juvenile fish (chapters 2-4), dispersal of 
juveniles (chapter 5) and (sub)adults (chapter 6-7) and the ecological consequences 
of these movement patterns are addressed, with regard to mangrove/seagrass-
associated coral reef fish species.
Orientation cues for early juveniles
The orientation capacity of an animal comprehends its ability to sense and respond 
to information about the environment (Nathan et al. 2008). The sense organs of 
tropical fish develop rapidly during the pelagic phase and fish larvae are therefore 
believed to actively orientate toward benthic habitat (Leis 2006). With relevant 
sense organs present, the next step is to tune in on relevant environmental cues. 
Previous research showed that sound, vision and olfaction are important cues 
for coral reef fish species to orientate toward coastal ecosystems from the pelagic 
(Kingsford et al. 2002, Lecchini et al. 2005a, Montgomery et al. 2006). The majority 
of this research has focused on the orientation of larval reef fish to cues emitted 
by the coral reef and its inhabitants (Arvedlund and Kavanagh 2009), while it 
remains unclear if fish that use multiple habitats during their life cycle could 
also respond to cues from non-reef habitats. This thesis provides results from 
experimental studies which test the response of early-juvenile French grunts 
toward acoustical, visual and olfactory cues from mangrove, seagrass, rubble 
and coral reef habitats. Each of these cues was tested in a setup in which the 
other cues were excluded, and thus solely the effect of that particular cue toward 
different habitats or conspecifics was tested.
Sound
Acoustical cues vary significantly among different tropical habitats (chapter 3). 
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Hard substrate habitats (coral reef and rubble) are characterized by a higher sound 
intensity and higher levels of low frequency (100–1000 Hz) sounds compared to 
soft substrate habitats (mangrove and seagrass beds). These distinctions justify 
the idea that sounds from non-reef habitats could elicit a behavioral response from 
fish species which utilize inshore nursery habitats like mangroves and seagrass 
beds. However, an in situ cage experiment, in which individual fish were tested 
for a response toward habitat-specific sounds, showed that sounds recorded in 
mangroves, seagrass beds or rubble habitat did not induce a directional response 
(chapter 3). Fish spent an equal amount of time in different sections of the cage, 
closer or farther away from the sound, during trials with these habitat-specific 
sounds. On the contrary, early juvenile fish showed a significant attraction 
toward coral reef sound. Notably, this attraction was only present in smaller (<2 
cm) fish compared to larger juveniles (2–3 cm). Sound is thus an essential cue 
for orientation from the open ocean toward coastal habitats for all coral reef fish 
species, irrespective of their habitat preferences in later life stages.
Previous behavioral experiments showed that the response of settlement-
stage coral reef fish toward sound can be influenced by recent acoustic 
experiences (Simpson et al. 2010). In this study, Simpson et al. showed that fish 
larvae that were conditioned to a mix of artificial tones were attracted by this tone 
mix, whereas fish that were exposed to natural reef noise avoided the artificial 
sound. These results demonstrate that fish larvae are able to alter their behavior 
according to recent experiences. It is very unlikely that sounds from non-reef 
habitats are perceptible in the pelagic zone where the noisy reef dominates the 
soundscape, and therefore without previous experience fish might not respond 
to mangrove and seagrass sounds. Recent studies found that besides larval 
stages, also juveniles are able to discriminate sounds originating from different 
habitats (Radford et al. 2011). Juveniles in bay habitats might thus use mangrove 
and seagrass sounds after exposure for orientation and movement between 
habitats in later life stages. 
Smell
While early juvenile French grunts did not show any attraction toward acoustical 
cues from mangroves and seagrass beds, olfactory cues from these habitats 
clearly generated a response (chapter 2 & 3). Two different flow tank experiments 
showed that both mangrove and seagrass water separately as well as a mix of 
these two water types were significantly preferred over water collected from the 
coral reef. Various metabolic products such as amino acids, nucleotides or bile 
acids are believed to act as meaningful chemicals that are used to mediate an 
array of behaviors (Derby and Sorensen 2008), however, it still remains unclear 
which specific compounds in the water trigger these responses during habitat 
selection. Compared to salmon, which return to natal streams by imprinting 
on odors during the juvenile stage (Dittman and Quinn 1996), juvenile French 
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grunts do not experience any non-reef habitats prior to their arrival there. The 
results presented in this thesis thus show that olfactory cues cannot only be used 
for a successful return to natal habitat like salmon do, but is also an important 
cue to find novel habitat for coral reef fish.
Vision
Habitat selection by small (≤3 cm) French grunts does not seem to be based upon 
the use of visual habitat cues, as they did not display a preference for any of 
the four structurally different microhabitats offered in an in situ multiple choice 
experiment (chapter 3). The importance of visual cues clearly changed through 
ontogeny, because larger (≥4 cm) fish significantly preferred mangrove roots 
above any other microhabitat structure (chapter 4). Other experimental studies 
have also found differences in habitat selection between different life stages of 
coral reef fish (Öhman et al. 1998, Lecchini et al. 2007a), yet most studies only 
focused on pre-settlement and post-settlement stage fish. Our experiments 
were set up to test fish of three different size classes caught in different habitats, 
and showed that even fish that probably had never encountered mangroves 
before were visually attracted toward this habitat. It is probably the structural 
complexity of mangrove roots combined with the shade provided by the canopy 
that provides excellent shelter opportunities and that caused the overruling 
preference by all fish test groups. 
Besides habitat type, the presence of conspecifics or heterospecifics serves 
as an important ecological determinant in habitat selection by fish. Conspecifics 
or heterospecifics can also be detected by acoustical, olfactory or visual cues 
(Lecchini et al. 2005a). In this thesis only the visual attraction toward conspecifics 
or heterospecifics was tested, in addition to visual habitat selection. Compared 
to the non-selective response of early-juvenile French grunts toward any type of 
microhabitat structure, visual conspecific cues evoked a much stronger response 
(chapter 3). This attraction toward conspecifics remained the same throughout 
different ontogenetic stages (chapter 4). For all fish ≥4 cm, the preference 
for conspecifics was irrespective of the presence or absence of the preferred 
mangrove microhabitat, yet the attraction toward solely mangrove microhabitat 
was completely replaced by the attraction toward conspecifics. Schooling 
behavior thus overruled the attraction toward mangrove microhabitat structure 
instead of providing an additive effect in refuge-seeking behavior. 
In conclusion, the results of this thesis demonstrate that the early juvenile 
stage of a coral reef fish species with a 3-phase life cycle strategy responds to 
multiple sensory cues which would guide habitat selection. Habitat choices of 
early-juvenile French grunts were primarily based on acoustical and olfactory 
habitat cues, whereas visual habitat cues did not elicit any response. However, 
the response toward visual microhabitat changed throughout ontogeny, as in 
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later life stages fish were clearly attracted to one particular microhabitat (i.e. 
mangrove). Remarkably, the reaction toward various habitats was different 
for each sensory modality, as acoustical cues induced a reaction toward coral 
reef habitat, where olfactory cues attracted fish toward mangrove and seagrass 
habitats. The latter finding suggests that adaptive behavior toward non-reef cues 
enables early-juvenile fish to locate inshore nursery habitats. Ultimately, visual 
cues of conspecifics may be used as an indicator for good habitat quality in the 
final habitat selection. Figure 8.1 shows a hypothetical scenario of stepwise cue 
use that could guide the return of fish from the open ocean toward bay nursery 
habitats. The next step in further research should involve larger individuals to 
investigate which cues are used for orientation from the bay toward the coral 
reef. 
Figure 8.1. Hypothetical scenario of how multiple cues are used to guide early-juvenile fish toward 
non-reef habitats. First, acoustical cues from noisy coral reefs are used for orientation from the pelagic 
zone toward the coastline. Second, fish can locate nearby embayments that harbor mangroves and 
seagrass beds using olfactory cues in water plumes. Third, visual cues of conspecifics and preferred 
habitat structures can be used to locate suitable sites in the bay.
Movement patterns of (sub)adults
Once the early juveniles of mangrove/seagrass-associated fish species have 
located inshore bay habitats, they remain there for at least several months until 
they migrate to their adult habitat, the coral reef (Grol et al. 2011a). According 
to Grol et al., these habitat selection strategies are likely driven by a cost-benefit 
analysis between growth and mortality. Although food is more abundant on the 
coral reef resulting in higher growth rates in this habitat, shelter opportunities 
and a lower predation risk in seagrass beds and mangrove stands provide an 
Chapter 8
126
optimal living environment in the bay. Size distribution patterns clearly show 
that mangroves and seagrass beds are intensively used by juveniles of species of 
which the adults are mainly found on the coral reef (Nagelkerken et al. 2000a), yet 
these results do not provide evidence of actual movement between these habitats. 
Only if fish move from inshore bay habitats to the coral reef and contribute to 
the adult population, habitats sustaining the juvenile population would serve as 
true source habitats (Beck et al. 2001). 
Movement patterns in the bay and ultimately from the bay to the coral 
reef have been studied by a variety of techniques including natural tags (e.g. 
chemical, genetic) and artificial tags (transponders, acoustic tags, coded wire 
tags) (Gillanders 2009). While the use of these methods is difficult to apply to early 
life history stages, research on movement patterns of larger juveniles and (sub)
adults is increasing steadily (Luo et al. 2009, Meyer et al. 2010, Farmer and Ault 
2011, Hitt et al. 2011a). By using a variety of methods on different fish species in 
our study system, we attempted to provide true evidence for migration between 
inshore nursery habitats and the coral reef.
Coded wire tags (CWTs, Northwest Marine Technology) were applied to 
determine movement of French grunts between mangrove/seagrass habitats and 
the coral reef. 4732 fish were caught and tagged between 2005–2007 at several 
sites in mangroves, seagrass beds and the rocky shoreline in Spanish Water Bay, 
Curaçao. After insertion of the CWT, tagged fish were released at their catch 
location. During 2006–2008, French grunts were caught in the bay and on the coral 
reef and scanned for the presence of a tag which is visible as a magnetic anomaly. 
If a tag was present, the fish needed to be killed to retrieve the tag and read the 
individual code. In 2006, fish were specifically caught in the bay to investigate 
site fidelity. Fifty-one fish (4.6% of all tagged fish at that moment) were recaptured 
after 163–425 days at liberty. Only two fish had moved to different habitat types, 
60–1350 m away from the tagging site, while 49 fish were recaptured at the same 
location as they had been tagged (Verweij and Nagelkerken 2007). Another 15 fish 
that were recaptured in the bay in 2007 and 2008, neither showed any movement 
away from their tagging site. One fish appeared to have been tagged three times 
and was recaptured in 2008 after 1203 days at liberty at  exactly the same location 
as where it was tagged in 2005 (unpublished data). These data show that fish 
remain much longer in the bay than is expected for fish with such a life history 
strategy (Gillanders et al. 2003), or might not move at all to the coral reef. Some 
recaptured fish had reached a size of >16 cm, while movement is expected to 
take place at a size of 12.5–17.5 cm (Nagelkerken et al. 2000a). However, some 
fish that had been tagged at a size between 6–10 cm were still too small (<13 cm), 
even after >600 days after tagging, to have moved from the bay to the reef. Thus, 
despite our efforts to tag a large number of fish (>4700) in the bay, approximately 
3000 fish <10 cm were tagged and might still remain there due to having tagged 
the ‘wrong’ size group. On the coral reef, more than 900 fish were scanned along 
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a part of the coast line of Curaçao during three years after the first fish had been 
tagged (2006-2008). Unfortunately, only three tagged fish were recaptured on the 
reef. These three fish had all been tagged at a size >10 cm, and measured >12.5 
cm at recapture. The growth rate of fish that had moved (n = 5, average = 3.9 cm/
yr) was significantly larger than the growth rate of fish that had remained at the 
same site (n=55, average = 1.9 cm/yr; independent t-test, p < 0.001; unpublished 
data). 
Other studies showed that coded wire tags have a negligible impact on 
growth and survivorship of tagged fish (Beukers et al. 1995, Bouwmeester 2005), 
indicating that the low number of recaptures is probably not the result of large 
mortality due to tagging. Bouwmeester (2005) recaptured 2% of 1311 CWT tagged 
fish and demonstrated limited movement of maximum 500 m for 12 fish (44% of 
all recaptured tagged fish), while 15 fish (56%) showed no movement away from 
the tagging location. Although the observed movement in Bouwmeester s´ study 
was directed away from the inner shelf reefs toward the reef front, these results 
do not demonstrate large-scale movements connecting different habitats. This 
could be due to the small time at liberty (1.5 year or less), yet in our study, fish 
were recaptured over a time span of 3 years which did also not result in a larger 
number of recaptures.    
In addition to the coded wire tag study, acoustic telemetry was used to 
study individual movement patterns of schoolmaster snappers (chapter 6). 
We specifically tagged fish with a wide range of fork lengths (10.8–27.1 cm) in 
the channel, an area that connects the bay with the adjacent coral reef. In this 
area fish reside that are possibly about to shift their home range from inshore 
mangrove and seagrass habitats toward the coral reef. Fish were detected for a 
period up to twelve months and showed considerable individual variation in 
movement patterns, although a clear diel pattern was visible overall with most 
detections during the night when fish are more active. Body size appeared to 
be significantly related to the distance fish moved away from their ‘home areas’. 
Fish that exhibited bay-to-reef movements were significantly larger than fish 
that were not detected on or near the coral reef. These habitat transitions mostly 
occurred during the night and were abrupt, as opposed to fish moving closer 
toward the coral reef from the bay habitat in a stepwise manner. Our results 
match with those of previous acoustic telemetry studies in which differences 
among individuals (Hammerschlag-Peyer and Layman 2010), or between day 
and night activity patterns (Luo et al. 2009, Meyer et al. 2010, Hitt et al. 2011b) were 
found. Our study contributes to the emerging number of individual behavior 
studies by revealing that ontogenetic shifts in habitat use are driven by body size, 
but are not the result of an extension of home range with increasing size. Grol et 
al. (2011a) suggested that decreased predation risk with increasing body size is 
the driver for such permanent cross-ecosystem movements.
Despite the low number of recaptures or detections of tagged fish on the reef, 
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some movement between bay nurseries and the coral reef was demonstrated by 
the use of coded wire tags and acoustic telemetry. It remains unknown if the other 
tagged fish had died or been caught during our study, or even moved farther 
away and/or deeper on the coral reef than our sampling sites. Until recently, 
evidence of movements among tropical coastal habitats was lacking, yet a vast 
amount of research on tagging studies has emerged (Gillanders 2009). Most of 
these studies are focused on determining home ranges and diel activity patterns 
within the same habitat (Zeller 1997, Farmer and Ault 2011, Hitt et al. 2011b), 
whereas only a few actually examine cross-habitat shifts (Verweij et al. 2007, Luo 
et al. 2009). These few studies demonstrate the existence of connectivity among 
habitats through fish movement, yet more research comprising larger study 
areas is needed to provide an empirical basis for conservation and management 
strategies.  
Contribution of mangrove/seagrass habitats to reef fish 
populations
Although artificial tagging methods such as acoustic telemetry and coded wire 
tags can provide valuable information on individual fish behavior, it is only useful 
during a limited amount of time, less suitable for small fish and too expensive 
to be used for large-scale connectivity studies. An alternative approach is the 
use of naturally occurring elemental and isotopic tags (Gillanders 2009). Natural 
tags such as stable isotopes in fish can be measured in both metabolically active 
tissue like muscle or fin, as well as in metabolically inert otoliths (earbones) 
(Rubenstein and Hobson 2004). Stable carbon (δ13C) and nitrogen (δ15N) values 
in muscle tissue reflect an animal’s diet, but only that of the previous weeks to 
months due to metabolic turnover (Hobson 1999), while isotope signatures in 
inert otoliths provide a life-long record of the fish’s environment (Campana 1999, 
Elsdon et al. 2008). Previous research showed that potential food items of fish 
species in seagrass beds on Curaçao are enriched in δ13C compared to the coral reef, 
which was clearly reflected in the isotopic values of the muscle tissue of several 
fish species (Cocheret de la Morinière et al. 2003b). Actual movement between 
two bays on Curaçao and their adjacent reefs was demonstrated by Verweij et al. 
(2008), who showed that, based on stable isotope variations in muscle tissue and 
otoliths, 98% of the yellowtail snapper reef population originated from seagrass 
nurseries. 
Following up on these results, we expanded our research to a larger spatial 
scale in which otoliths of two reef fish species were collected on the scale of an 
entire island. To use natural tags in otoliths as a tracer for fish movement there 
must be a detectable level of variability amongst signatures from one or more 
bays versus the coral reef. If sufficient spatial variability exists, then individuals 
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can be classified to possible collection sites. Additionally, by sampling multiple 
nursery regions and the coral reef along the entire coast where bays are connected 
with the reef, it can be established which bays contribute most to the population 
on the reef. 
Stable carbon and oxygen isotope variations in otoliths of yellowtail 
snappers provided, in accordance with the results of Verweij et al. (2008), a clear 
confirmation of movement between inshore bays and the coral reef (chapter 7). 
The δ13C and δ18O values of juvenile otoliths showed site-specific differences and 
discriminated fish among three possible inshore nursery regions. The stable 
carbon and oxygen isotope signature of reef fish >30 cm was significantly different 
from all nursery regions. Based on both δ13C and δ18O values, the three nursery 
regions and the coral reef as fourth possible origin, could be discriminated 
with 82.8% accuracy. A maximum likelihood analysis was used to compare the 
juvenile margin of adult fish collected on the coral reef to the juvenile stable 
carbon and oxygen isotope signatures from the designated four possible origins. 
This analysis confirmed that only 3% of the reef fish had originated from the 
coral reef itself, and the remainder of the fish must thus have spent their juvenile 
phase in one of the inshore nurseries. Of the three nursery areas, the bays located 
on the eastern coast of the island appeared to be the most dominant source areas, 
contributing almost 60% of all fish collected on the entire island’s coral reef.
Site-specific differences were also found in the δ13C signatures of otoliths 
of French grunts. The δ18O value did not differ between the four possible 
origins, but was taken into account for additional discriminating power. The 
discrimination accuracy between four possible origins (three nursery regions 
and the coral reef) was, however, less (56.7%) compared to yellowtail snappers. 
The maximum likelihood analysis showed that the largest proportion of (sub)
adult French grunts also originated from the eastern bays (42%), yet other 
nursery regions also contributed to the population on the reef (Piscadera Bay: 
26%, Playa grandi: 20%). Moreover, 12% of the fish caught on the reef were 
predicted to have originated from the coral reef itself, indicating that French 
grunts are less dependent on the inshore bays as nursery grounds compared to 
yellowtail snappers (unpublished data). A preliminary analysis of stable carbon 
isotopes values in otoliths of the great barracuda, Sphyraena barracuda, showed 
that for this species no discrimination was possible between juveniles collected 
in three different bays (n = 16) and adults collected on the coral reef (n = 10) 
(Figure 8.2A), indicating that the usefulness of natural tags in otoliths might be 
species-dependent.
Some yellowtail snapper juveniles and adults were additionally collected on 
a different Caribbean island, Bonaire. Juveniles collected in seagrass areas in 
Lac Bay had significantly different carbon and oxygen stable isotope signatures 
in their otoliths compared to adult fish collected on the coral reef (multivariate 
GLM, p < 0.001; Figure 8.2B). These habitats were so distinctly different, that 
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they were discriminated with an accuracy of 100%. Although only the juvenile 
margin of four adult reef fish could be analyzed, the maximum likelihood 
analysis showed that 93% originated from seagrass beds which are only found 
in Lac Bay on Bonaire.   
Figure 8.2. Carbon and oxygen stable isotope values in otoliths of A) great barracuda collected 
on Curaçao, and B) yellowtail snapper collected on Bonaire. Otolith signatures of coral reef adult 
yellowtail snappers on Bonaire are clearly distinct from juvenile seagrass fish, and the juvenile 
margins of reef fish show complete overlap with juvenile seagrass signatures. On the contrary, otolith 
signatures from great barracuda did not show any distinction between juvenile and adult habitat.
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Only a few other studies have actually determined the contribution of juvenile 
populations to (sub)adult populations. Chittaro et al. (2004) found that only 36% 
of 39 individuals collected on the back-reef in Belize, had a mangrove signature 
in the juvenile margin of their otoliths, which is considerably less than found in 
our unpublished results. However, they did not take into account seagrass beds 
as possible juvenile source, and thus the origin of the remaining 64% is unclear. 
In Puerto Rico, 70% of French grunt subadults collected on the reef adjacent to 
a mangrove lagoon were identified as having resided as juveniles in mangroves, 
whereas 30% originated from seagrass beds in 2007 (74% and 26% respectively, 
in 2008) (Mateo et al. 2010). The latter study also showed that in St. Croix these 
percentages were different, with 40% originating from the mangroves and 60% 
from seagrass beds in one year, in contrast with 68% from the mangroves and 
32% from the seagrass beds in the next year. Mateo et al. did not take the coral 
reef into account as a possible juvenile source habitat. Yet, these dissimilarities 
clearly show that even for the same species contribution estimates can differ 
between years and locations, and therefore spatial and temporal differences, 
as well as surface area of different habitats need to be taken into account to 
accurately quantify connectivity among habitats.
To correctly determine the contribution of juvenile habitats to the adult 
population, it is important that all potential juvenile habitats are assessed 
(Gillanders 2009). Furthermore, the contribution estimation can vary as a 
result of which concept is used to define nursery or source areas (Fodrie and 
Levin 2008, chapter 7). According to the definition of Beck et al. (2001), the 
contribution of juvenile habitats to adult populations should be calculated per 
unit area, whereas Dahlgren et al. (2006) suggested to assign nursery habitats on 
the basis of the overall contribution to adult populations. Depending on which 
definition is used, in our study area different regions would be regarded as most 
important juvenile sources (chapter 7). This could have significant effects on the 
management priorities for nearshore ecosystems.
Ecological consequences
Although movement is often measured in terms of individual behavior and 
might be a response to short-term goals such as feeding, finding shelter or 
reproduction, it can have obvious implications for the structure of populations 
on the longer term (Bowler and Benton 2005). Stage-structured life history 
strategies, as displayed by nursery fish species, might lead to the formation of 
distinct local populations. For these species, movement between larval, juvenile 
and/or adult habitat might be crucial for the sustainability of their populations. 
On Curaçao, mangroves and seagrass beds are still largely available for 
fish species whose juveniles depend on these habitats. However, throughout 
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the world mangroves and seagrass beds are negatively affected by a myriad of 
human impacts (Alongi 2002, Waycott et al. 2009). The island of Bermuda harbors 
relatively little suitable seagrass and mangrove habitat compared to other 
regions in the Western Atlantic, and was used to investigate if early juveniles 
of mangrove/seagrass-associated fish species could use shallow coral reefs as 
alternative habitats. The results show that some species, including the French 
grunt, can be flexible in their choice for recruitment habitat (chapter 5). However, 
early-juvenile blue-striped grunts and gray snappers appeared to be much more 
dependent on inshore nursery habitats, even though these were not extensively 
available. 
As adult densities of some coral reef fish species are much lower in absence 
of inshore nursery habitats (Nagelkerken et al. 2002), mangroves and seagrass 
beds may act as source areas that replenish their populations on the coral reef. 
The actual occurrence of a source-sink structure in our study area cannot be 
determined by density distributions of juveniles versus adults alone, because 
it is unclear how well habitat productivity is related to local juvenile density 
(Beck et al. 2001). The results presented in this thesis on movement of yellowtail 
snappers between inshore bays and the coral reef as manifested through stable 
isotope analysis of fish otoliths, revealed that the coral reef cannot be regarded as 
a possible juvenile source for this species and thus the fish population on the reef 
is largely replenished by seagrass beds. The unequal contribution of different 
source areas, combined with limited dispersal away from sources can lead to 
the formation of metapopulations (chapter 7). As the most important source 
areas were found at the eastern side of the island of Curaçao, the fish population 
that is found at the western end of the island (>50 km away from nurseries) 
might remain small through the spatial arrangement of source areas. Source-
sink dynamics of coral reef fish species have previously been based mainly on 
larval dispersal through ocean current patterns (James et al. 2002, Bode et al. 
2006, Figueira 2009). This thesis enhances the understanding of metapopulation 
dynamics through processes occurring during the benthic phase of a highly 
commercial fish species. These findings highlight the importance of including 
inshore mangrove and seagrass habitats in management and conservation plans.
Although the dependency on nursery habitat only counts for approximately 
17 coral reef fish species in the Caribbean, these species are of great commercial 
importance and include top predators which regulate the food web structures 
on coral reefs (Nagelkerken et al. 2002). A decline in numbers of these species 
due to habitat loss might irreversibly lead to negative impacts on the entire coral 
reef ecosystem. 
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Future research and implications for management
Considering the millions of people that live in coastal regions and use the 
services provided by coastal ecosystems, it is essential to maintain a sustainable 
relationship with our marine environment. The tropical coastline is dominated 
by mangroves, seagrass beds and coral reefs; habitats which are declining due to 
the impact of human activities (Alongi 2002, Bellwood et al. 2004, Waycott et al. 
2009). Linkages between these habitats are partly established through dispersal 
of fish, and understanding these movement patterns is therefore paramount.
Research has provided evidence that marine organisms are able to use a 
variety of environmental cues for orientation and navigation between suitable 
habitats (Myrberg and Fuiman 2002, Arvedlund and Kavanagh 2009, chapter 
2–4). Although this thesis addresses the question which cues could be used 
for orientation toward non-reef habitats, new questions have risen and further 
research may enhance our understanding of the senses and environmental 
cues used by fish and other marine animals. While olfaction, sound and vision 
were tested for early juveniles of a mangrove/seagrass-associated fish species, 
other potentially important cues like magnetism, light gradients or current 
direction deserve attention as well. Other issues that remain unsolved include 
the question ‘how do (sub)adults orientate themselves from the inshore bays 
toward the coral reef?’. In this thesis, only visual habitat preference was tested 
throughout ontogeny which showed that the attraction toward visual habitat 
cues was different for different size classes. Yet the response toward olfactory 
or auditory cues from different habitats or conspecifics has not yet been tested 
for size classes >4 cm. Another important topic covers the question if olfactory 
cues, besides orientation toward suitable habitat, can also be used to detect 
conspecifics, heterospecifics or predators? And which specific components of the 
water chemistry stimulate the response to a particular water type? 
Human activities can alter the marine environment in such a way that 
animals may be disturbed in their orientation capabilities. Anthropogenic 
noise created, for example, by vessels for container shipping, recreational 
activities, construction or exploitation of offshore platforms is increasing, yet the 
impact on fish behavior is still poorly studied (Slabbekoorn et al. 2010). Besides 
disturbance of the underwater soundscape, orientation mechanisms are also 
vulnerable to disruption by the presence of anthropogenic contaminants in the 
aquatic environment. Research showed that recognition of conspecifics might 
be influenced by chemical pollution (Ward et al. 2008). Chemosensory reception 
and auditory responses both proved to be affected by ocean acidification as well, 
one of the effects of global warming. The recognition of predators and homing 
ability of clownfish by use of olfactory or auditory cues were both negatively 
affected by lower pH levels which are predicted to occur in ocean waters in the 
next few decades (Munday et al. 2009, Dixson et al. 2010, Simpson et al. 2011). 
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Further research is necessary to explore the impact of these human-induced 
disturbances on the marine ecosystem.
 Management strategies concerning marine ecosystems often focus on single 
habitat types (Valentine and Heck 2005). It is clear from the results in this thesis 
that considerable interactions between various habitats in the tropical seascape 
occur through the movement of fish. Knowledge about the activity space of 
different fish species is essential for the design of Marine Protected Areas. Species 
with home ranges that comprise multiple habitats may require special attention 
because MPAs encompassing only one habitat type may lead to a higher risk 
of fishing mortality when fish use the habitat which is not protected (Kramer 
and Chapman 1999). The size, shape and geographical location of MPAs should 
be based upon the knowledge about animal movement, yet good management 
is still lacking (Mora et al. 2006). Currently, there is an emerging effort to link 
landscape ecology and animal behavior to provide a better understanding 
about the ecological significance of this relationship (Bostrom et al. 2011). This 
approach has great potential to enhance our understanding and management 
of the tropical coastal seascape. At the least, management strategies should 
incorporate all coastal habitats, including seagrass beds and mangrove forests to 
protect fish populations and ecosystems.
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Tropical coastal ecosystems such as seagrass beds, mangrove forests and coral 
reefs harbor a large variety of organisms, which can link these ecosystems by 
movements across habitat boundaries. Animal movement occurs on different 
temporal and spatial scales and is often interlinked with growth, survival 
and reproduction. Many marine fish species have life history strategies with a 
pelagic larval phase followed by a benthic phase, during which juveniles and 
adults can occupy the same or spatially separated habitats. Knowledge about 
these ontogenetic habitat shifts is important to evaluate the contribution of 
different habitats to populations, and eventually for management and protection 
of these vulnerable systems. In this thesis, sensory modalities that are used for 
orientation toward mangroves, seagrass and coral reef habitats, and movement 
patterns among these habitats are investigated to provide a better understanding 
of connectivity in the tropical seascape. 
After a pelagic larval phase, many fish face the challenge of finding coastal 
areas to settle on the suitable substratum. Most marine species have well-
developed sensory systems which they can use to orientate toward preferred 
settlement habitat. Previous studies have shown that larval fish which settle 
directly on coral reefs can respond to acoustic, visual and olfactory reef habitat 
cues. However, we have little understanding of the sensory mechanisms and 
environmental cues that are employed for finding non-reef habitats. In chapters 
2–4 of this thesis, orientation toward mangrove and seagrass habitats situated 
in inshore bays by the use of sound, olfaction and vision was investigated in the 
common coral reef fish Haemulon flavolineatum, and compared with responses 
toward cues from the coral reef. The olfactory response toward water collected 
in bay habitats or on the coral reef was tested ex situ, while the auditory and 
visual response toward four different habitats (mangroves, seagrass, rubble, 
coral reef) was tested in multiple choice experiments in situ. Early juveniles 
showed a strong response toward coral reef sound, but not to sounds from other 
habitats (chapter 3). On the contrary, olfactory cues from mangrove and seagrass 
habitats were significantly more attractive compared to coral reef water (chapter 
2 and 3). Visual habitat cues did not elucidate any response in early-juvenile fish 
(≤3 cm), but visual cues from conspecifics evoked a strong response (chapter 3). 
These results demonstrate that the early-juvenile stage of a mangrove/seagrass-
associated coral reef fish responds to multiple sensory cues which would guide 
habitat selection.
Although settlement-stage larvae actively select benthic habitat, a ‘good’ 
habitat for settling larvae does not necessarily have to be a ‘good’ habitat for 
juveniles and adults as well. Throughout ontogeny the importance of habitat 
structure and schooling in habitat selection might change, especially for species 
that utilize different habitats throughout their life cycle. This was examined by 
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testing the visual preference of different size classes of Haemulon flavolineatum 
for structure of a suite of disparate habitat types (mangroves, seagrass, rubble 
and coral reef microhabitat), and for presence of conspecifics or heterospecifics 
with or without habitat structure (chapter 4). Whereas early-juvenile fish were 
not attracted to any particular type of visual habitat structure, this preference 
was different for larger (>4 cm) fish which were significantly attracted toward 
mangrove microhabitat. Visual conspecific cues were equally important for all 
size classes tested, and for large (>4 cm) fish this response was even stronger 
than the attraction toward solely mangrove microhabitat. Schooling behavior 
thus overruled the attraction toward mangrove microhabitat structure instead 
of providing an additive effect, in a setting in which all behaviors except refuge-
seeking were suppressed. 
In conclusion, multiple cues can be used for underwater orientation to 
novel habitat, and the reaction toward various habitats was different for each 
sensory modality. These results support arguments for a hypothetical scenario 
of stepwise cue use that could guide the return of fish from the open ocean 
toward bay habitats. Acoustical cues from the coral reef guide orientation from 
the pelagic zone toward the coast, where subsequently olfactory cues are used to 
locate mangrove and seagrass habitats. The latter finding suggests that adaptive 
behavior toward non-reef cues enables early-juvenile fish to locate sheltered 
inshore habitats. Ultimately, visual cues of conspecifics may be used as an 
indicator for good habitat quality in the final habitat selection. 
Although the use of habitat-specific cues might guide fish larvae to specific 
juvenile habitats, movement patterns of subsequent life stages are equally 
important and might lead to the formation of distinct local populations. The 
availability of suitable habitat patches differs geographically, and in some 
regions mangroves and seagrass beds are negatively affected by myriad human 
impacts. Chapter 5 of this thesis reports on a study which investigated if early 
juveniles of mangrove/seagrass-associated fish species could use alternative 
habitats if mangroves and seagrass beds are locally scarce. Visual census surveys 
were carried out in six different coastal habitat types on the Western Atlantic 
island of Bermuda, quantifying densities of early juveniles (<4 cm) of fish species 
with different life history strategies. The results show that some species can be 
flexible in their choice for recruitment habitat, yet other species appeared to be 
much more dependent on inshore nursery habitats, even though these were not 
extensively available. 
Mangrove and seagrass habitats are often referred to as nursery habitats for 
species of which juveniles are found in high densities in these habitats compared 
to the coral reef. However, these habitats can only be regarded as genuine 
nurseries if they contribute new fish to the adult population. This contribution 
can be inferred from visual census demonstrating the distribution of different 
size classes among habitats, but this does not provide direct evidence for 
159
Summary
movement. Artificial tags (chapter 6) and naturally occurring tags in fish otoliths 
(chapter 7) were used in this thesis to demonstrate actual movement among bay 
habitats, and between nursery bays and coral reefs on the island of Curaçao. 
Acoustic telemetry was used to study movement patterns of schoolmaster 
snappers, Lutjanus apodus, in the channel of Spanish Water Bay on Curaçao, 
which connects the central part of the bay with the adjacent coral reef (chapter 
6). We investigated if movement patterns and core area of activity differed 
between fish of different body size, or fish caught in bay areas located at different 
distances from the coral reef. Fish showed considerable variation in movement 
patterns, which could partly be explained by body size. Most fish intensively 
used a particular bay area, and often the same shelter sites. Out of 72 tagged 
fish, bay-to-reef movement was detected in seven fish, which were significantly 
larger than fish that were only detected in the bay. Initiation of cross-ecosystem 
movements occurred very abrupt, which suggests that these fish do not simply 
move at random until a more suitable location is found, or relocate or expand 
their home range in a stepwise process from the bay toward the coral reef.
Stable carbon and oxygen isotope signatures in fish otoliths additionally 
provided evidence for movement between bay habitats and the coral reef (chapter 
7). Otolith signatures of juvenile yellowtail snapper, Ocyurus chrysurus, showed 
area-specific differences among nursery bays and could be used to trace the 
origin of adult fish collected on the coral reef. By comparing isotope signatures 
of the juvenile margin of adult otoliths to that of bay fish, it could be established 
that the bays located on the eastern part of Curaçao appeared to be the primary 
source area, contributing almost 60% of all fish collected on the entire coral reef 
surrounding the island. The coral reef was also taken into account as a possible 
source, but appeared to contribute only 3% to the adult population. This clearly 
indicates that the majority of the individuals of this reef species must have spent 
their juvenile phase in one of the inshore bay nurseries.
Besides determining the contribution of different source areas based on 
stable isotope signatures of fish otoliths, a spatial simulation model was used 
to estimate dispersal distances away from seagrass source areas (chapter 7). 
This combined approach provided us with a unique opportunity to study 
how source-sink dynamics through stage-structured habitat use and dispersal 
ability of a tropical reef fish can lead to the development of a metapopulation 
at an island scale. The results indicate a strong and rather complex source-
sink structure in a closed demersal population, with a clear spatial separation 
of sources versus sinks. Initially, seagrass habitats act as sources replenishing 
adjacent reefs through stage-structured habitat use. Then, the disproportionate 
seeding of a particular reef area by one highly productive seagrass source 
resulted in consecutive seeding of adults by this ‘source’ reef to more distant reef 
areas which acted as sinks. Connectivity among source and sink habitat patches 
can be preserved by dispersal of animals, but this dispersal might be impeded 
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through habitat loss or fragmentation leading to barriers too large to cross for 
certain species.
This thesis provides a better understanding of the sensory modalities used for 
orientation toward different and novel habitats by fish of different life stages, and 
movement patterns and mechanisms of fish among habitats and across ecosystem 
borders. Directed movement and the ability of early juveniles to orientate toward 
preferred habitat using environmental cues are essential to ensure survival and 
arrival at an appropriate destination. Subsequently, differences in habitat quality 
and quantity of different source areas are important drivers for the replenishment 
of adult populations. These results highlight the importance of mangroves and 
seagrass beds for the population dynamics and maintenance of some fish species, 
and the linkages between these habitats through fish movement. Management 
strategies concerning marine ecosystems often focus on single habitat types, 
yet as shown, considerable and complex interactions between various habitats 
in the tropical seascape occur. Larval, juvenile, as well as adult movement and 
orientation can be regarded as a behavioral mechanism that enables active and 
directed selection and utilization of habitats, and knowledge about this behavior 
can provide valuable spatially-explicit information for management strategies.  
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Samenvatting
Tropische ecosystemen zoals zeegrasvelden, mangroves en koraalriffen 
herbergen een grote diversiteit aan levende organismen. Door de migratie van o.a. 
vissen tussen verschillende habitats zijn deze systemen onlosmakelijk met elkaar 
verbonden. Redenen waarom dieren migreren zijn bijvoorbeeld om aan voedsel 
te komen, omdat ze een gebied ontgroeien, om aan roofvissen te ontkomen, of 
om te paaien. Migratiepatronen kunnen enorm verschillen tussen diersoorten. 
Terwijl individuen van de ene soort misschien hun hele leven binnen hetzelfde 
habitat blijven, kunnen andere soorten zich een of meerdere keren verplaatsen 
tussen verschillende habitats. Veel mariene vissoorten hebben een complexe 
levenscyclus, waarbij volwassen dieren (adulten) paaien op het rif, gevolgd door 
de ontwikkeling van larven in de oceaan, die vervolgens naar de kust zwemmen 
waar ze zich als onvolwassen dieren (juvenielen) vestigen. Tijdens de juveniele 
levensfase bestaan er verschillende strategiën: juvenielen vestigen zich direct 
op het koraalrif waar ook de adulten leven, of ze vestigen zich eerst in andere 
habitats zoals mangroves en zeegrasvelden en zwemmen pas naar het koraalrif 
als ze volwassen zijn. Omdat mangroves en zeegrasvelden voornamelijk 
gebruikt worden door juvenielen worden deze habitats ook wel  ‘kraamkamers’ 
genoemd voor de volwassen populatie op het rif. Over de manier waarop vissen 
zich oriënteren tussen verschillende habitats en in welke mate ze gebruik maken 
van verschillende habitats tijdens verschillende fases in hun levenscyclus is 
nog weinig bekend. In dit proefschrift worden sensorische mechanismen die 
vissen gebruiken om de weg te vinden en migratiepatronen van vissen tussen 
mangroves, zeegrasvelden en koraalriffen onderzocht. Deze informatie is van 
essentieel belang om de samenhang (connectiviteit) en uitwisseling tussen 
ecosystemen te begrijpen en noodzakelijk voor effectief beheer en management 
van onze kustgebieden. Ondanks de rijke biodiversiteit en het belang van deze 
ecosystemen voor mens (bijvoorbeeld voor visserij en toerisme) en dier worden ze 
nog steeds ernstig bedreigd, met name door overbevissing, klimaatverandering 
en vervuiling. Het onderzoek voor dit proefschrift werd uitgevoerd op Curaҫao, 
waar vele beschutte baaien te vinden zijn met mangroves en zeegrasvelden, met 
aangrenzende koraalriffen.
Aan het einde van de pelagische fase in de open oceaan staan larvale vissen 
voor de uitdaging om kustwateren te vinden waar ze zich kunnen vestigen. 
Larven van de meeste vissoorten hebben goed ontwikkelde zintuigen waarmee 
ze zich kunnen oriënteren. Eerdere studies hebben laten zien dat vissoorten, 
waarvan de juvenielen zich direct op het koraalrif vestigen, het koraalrif kunnen 
vinden door middel van geur, geluid of zicht. We weten echter weinig over 
de sensorische mechanismen die gebruikt worden door vissen die zich eerst 
vestigen in mangroves en zeegrasvelden. Kunnen zij met dezelfde mechanismen 
andere habitats herkennen? In hoofdstuk 2–4 worden experimenten beschreven 
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die de rol van geur, geluid en zicht in het herkennen van mangroves en 
zeegrasvelden toetsen. Hiervoor werden kleine juvenielen (≤3 cm) van het 
roodbekje, of Franse grommer (Haemulon flavolineatum) gebruikt, een vissoort 
die veelvuldig voorkomt in het Caribisch gebied. Geurexperimenten werden 
uitgevoerd in het laboratorium, in een tank waar tegelijkertijd twee verschillende 
waterstromen konden worden aangeboden aan testvissen. Zicht werd getest in 
een onderwaterkooi waar een vis tegelijkertijd uit vier verschillende habitats 
(mangrove, zeegras, rubble (dood koraal), of levend koraal) kon kiezen. Voor de 
geluidsexperimenten werd een onderwaterkooi gebouwd waarin per individuele 
vis de reactie op geluid van een bepaald habitat getest werd. Elk experiment 
was zo opgezet dat de andere sensorische mechanismen niet gebruikt konden 
worden en dus enkel geur, geluid of zicht werd getest.
Kleine juveniele vissen lieten een significant sterkere reactie zien op geluiden 
afkomstig van het koraalrif dan geluiden van mangroves en zeegrasvelden 
(hoofdstuk 3). Deze reactie was echter alleen zichtbaar bij de allerkleinste visjes 
(<2 cm) die zich zeer recent vanuit de oceaan op het rubble gevestigd hebben en 
de interesse voor koraalrif-geluid nam dus snel af naarmate vissen iets groter 
groeiden. In tegenstelling tot de reactie op geluid, werden kleine juveniele 
vissen sterker aangetrokken door water afkomstig uit baaien waar zeegras 
en mangroves voorkomen ten opzichte van water dat afkomstig was van het 
koraalrif (hoofdstuk 2 en 3). In de zichtexperimenten werd geen enkele reactie 
van kleine juvenielen waargenomen op ieder van de vier habitats. Vissen lieten 
wel een sterke reactie zien in experimenten waar niet alleen habitats, maar een 
combinatie van habitat met soortgenoten getoond werd. Deze gecombineerde 
resultaten laten zien dat de eerste juveniele fase van vissen die voorkomen in 
mangroves en zeegrasvelden meerdere sensorische mechanismen kunnen 
gebruiken voor habitat selectie. Bovendien lijken vissen alleen ontvankelijk te zijn 
voor specifieke zintuiglijke waarnemingen die horen bij bepaalde omgevingen 
in een bepaalde levensfase. 
Ondanks dat kleine juvenielen actief het gebied selecteren waarin ze zich 
willen vestigen, hoeft dit niet te betekenen dat een goed habitat voor juvenielen 
ook een goed habitat is voor adulten. De voorkeur voor een bepaald habitat is 
vaak gerelateerd aan structurele complexiteit waar vissen kunnen schuilen en 
de aanwezigheid van soortgenoten. Hoofdstuk 4 beschrijft twee experimenten 
waarin de rol van deze twee componenten wordt getoetst, met enkel visuele 
stimuli van vier verschillende habitats (mangroves, zeegras, koraal, rubble) 
met of zonder de aanwezigheid van soortgenoten of andere vissoorten. Deze 
experimenten werden uitgevoerd met vissen in vijf verschillende levensfases, 
van kleinste juvenielen tot grote rifvissen. In tegenstelling tot kleine juvenielen, 
die tot geen enkel habitat aangetrokken werden, toonden grotere vissen (>4 
cm) uit verschillende levensfases allen een sterke voorkeur voor het mangrove 
habitat. In het tweede experiment, waarin habitat werd aangeboden met of 
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zonder soortgenoten of een andere vissoort, bleken alle vissen, ongeacht grootte 
en levensfase, voornamelijk aangetrokken te worden door soortgenoten. Voor 
vissen >4 cm was de reactie op soortgenoten zonder habitat zelfs sterker dan 
die op mangrove habitat alleen. Er bleek dus geen versterkend effect te zijn 
van de combinatie van complex mangrove habitat met de aanwezigheid van 
soortgenoten.
Concluderend kunnen we zeggen dat meerdere sensorische mechanismen 
gebruikt worden voor oriëntatie van vissen richting habitats die ze niet eerder in 
hun leven tegengekomen zijn. Opvallend is wel dat de reactie op verschillende 
habitats anders is bij elk getest mechanisme. Aan de hand van deze resultaten 
kunnen we een hypothetisch scenario opstellen gebaseerd op stapsgewijze 
oriëntatie van vissen vanuit de oceaan naar de beschutte baaien. Allereerst, 
geluid van het koraalrif leidt de allerkleinste juvenielen vanuit de oceaan naar de 
kust, waar vervolgens geurstimuli worden gebruikt om baaien met mangroves 
en zeegrasvelden te vinden. Dit laatste duidt op aangepast gedrag van bepaalde 
vissoorten om te reageren op stimuli afkomstig van andere habitats dan het 
koraalrif. Uiteindelijk wordt zicht gebruikt om op lokale schaal soortgenoten te 
lokaliseren, welke een indicator kunnen zijn voor een goed habitat, en zo een 
geschikte plek om zich te vestigen geselecteerd.
De beschikbaarheid van geschikt habitat verschilt wereldwijd, en in 
sommige regio’s zijn mangroves en zeegrasvelden zo hevig verstoord dat het 
gebruik hiervan door vissen ernstig belemmerd wordt. Hoofdstuk 5 van dit 
proefschrift laat zien in hoeverre verschillende vissoorten flexibel zijn in het 
gebruik van verschillende habitats. De hoeveelheid kleine juvenielen (≤4 cm) van 
acht verschillende vissoorten zijn in kaart gebracht met behulp van onderwater 
vistellingen in verschillende kustecosystemen in Bermuda. De resultaten tonen 
aan dat sommige ‘kraamkamer’-soorten ook ondiepe riffen kunnen gebruiken 
als habitat voor kleine juvenielen, terwijl andere soorten veel sterker afhankelijk 
zijn van mangroves en zeegrasvelden, zelfs als deze zeer weinig voorkomen.
Ongeacht het feit dat habitat-specifieke stimuli het mogelijk maken voor kleine 
juvenielen om mangroves en zeegrasvelden te vinden, zijn migratiepatronen 
in daaropvolgende levensfases evenzo belangrijk voor het in stand houden 
van lokale populaties. Mangroves en zeegrasvelden worden vaak gezien als 
kraamkamers, maar het is onduidelijk in welke mate deze habitats bijdragen aan 
de populaties volwassen vissen die op het rif leven. In eerdere studies werd dit 
afgeleid uit tellingen van vissen, waarbij veel juvenielen in de baaien gevonden 
werden tegenover hoge aantallen adulten op het rif. Dit wil echter nog niet zeggen 
dat juvenielen uit de baaien ook daadwerkelijk naar het rif migreren. Om dit aan 
te tonen moeten migratiepatronen daadwerkelijk gekwantificeerd worden, wat 
mogelijk is aan de hand van verschillende merkmethoden. In dit proefschrift 
worden migratiepatronen tussen baaien en riffen op Curaҫao onderzocht met 
behulp van zendertjes (hoofdstuk 6) en natuurlijke merkers in de gehoorbeentjes 
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van vissen (hoofdstuk 7).   
Migratiepatronen van schoolmeester snappers (Lutjanus apodus) in het 
kanaal van het Spaanse Water op Curaҫao, welke de verbinding vormt tussen de 
achtergelegen baai met mangroves en zeegrasvelden en het koraalrif, werden in 
kaart gebracht met behulp van akoestische zenders (hoofdstuk 6). Deze zenders 
geven een korte serie van geluidspulsen af die opgevangen worden door een 
detectiestation indien de vis dichtbij genoeg komt. Door 15 detectiestations 
te plaatsen over een gradiënt van de baai naar het rif en op het rif, konden 
migratiepatronen van 72 schoolmeester snappers een jaar lang gevolgd worden. 
Opvallend veel vissen gebruikten steeds hetzelfde gebied in een straal van 
maximaal 500 meter gedurende de gehele onderzoeksperiode. Individuele 
variatie in het gebruik van verschillende habitats kon deels verklaard worden 
door lichaamsgrootte. Zeven vissen verplaatsten zich tussen de baai en het rif 
en deze vissen waren significant groter dan de vissen die alleen in het kanaal 
gedetecteerd werden. Initiatie van verplaatsing naar het rif gebeurde vrij abrupt 
en altijd ‘s nachts, wat suggereert dat deze vissen niet langzaam hun leefgebied 
uitbreiden naar het rif, of stapsgewijs dichterbij het rif gaan leven. 
Behalve kunstmatige merkmethoden, vormen natuurlijke merkers een 
betrouwbare manier om te achterhalen in welke gebieden een vis geleefd 
heeft. Stabiele isotopen worden opgeslagen in de gehoorbeentjes (otolieten) van 
een vis terwijl deze groeit, en zijn typerend voor het habitat waarin een dier 
verblijft. In hoofdstuk 7 worden de stabiele isotopenverhoudingen van koolstof 
(C) en zuurstof (O) in de otolieten van de geelstaart snapper (Ocyurus chrysurus) 
onderzocht. Deze analyse laat zien dat er duidelijke verschillen zijn in de 
isotopenverhoudingen tussen zeegrasbaaien en het koraalrif. Zeven verschillende 
baaien waarin geelstaart snappers als juveniele voorkomen werden onderzocht, 
en op basis van stabiele isotopen ingedeeld in drie verschillende ‘bron’gebieden. 
Aan de hand van het juveniele gedeelte in otolieten van adulte rifvissen kon 
worden geanalyseerd waar deze adulten hun juveniele levensfase hebben 
doorgebracht. De baaien aan de oostkant van Curaҫao bleken de belangrijkste 
brongebieden, met een bijdrage van bijna 60% aan de gehele rifpopulatie rondom 
het eiland. Het koraalrif zelf bleek nauwelijks bij te dragen (3%) en kan dus gezien 
worden als een ‘put’gebied. Deze resultaten stellen onomstotelijk vast dat het 
merendeel van de vissen op het koraalrif opgroeit in baaien met zeegrasvelden 
en mangroves.
Doordat Curaçao omringd wordt door diepe wateren, verspreiden geelstaart 
snappers zich alleen langs de kust en niet bij het eiland vandaan. Dit geeft 
ons de unieke mogelijkheid om een gesloten populatie te onderzoeken. Naast 
het bepalen van de bijdragen van verschillende zeegrasbaaien aan de adulte 
vispopulatie op het rif met behulp van stabiele isotopen analyses, is ook de 
verspreiding van deze vissoort op het rif in kaart gebracht. Hiervoor werd een 
model ontwikkeld waarin de ruimtelijke verspreiding vanuit de baaien op het rif 
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modelmatig gesimuleerd werd aan de hand van gegevens over aanwas vanuit 
een baai en overlevingskans op het rif (hoofdstuk 7). Uit dit model blijkt dat de 
verspreiding van adulten op het rif niet gelijkmatig is. Naarmate het rif verder 
verwijderd is van de ingang van een zeegrasbaai, wordt de adulte populatie 
kleiner. De combinatie van ongelijke bijdragen van baaien aan de rifpopulatie en 
de ongelijke verdeling op het rif veroorzaakt een complexe populatiestructuur 
met een duidelijke ruimtelijke scheiding tussen brongebieden en putgebieden. 
Aanvankelijk zijn de zeegrasbaaien bronnen die zorgen voor de aanvulling van 
de populatie op het rif, waarbij sommige bronnen voor een grotere aanwas 
zorgen dan andere. Vervolgens zorgt een onevenredige verspreiding op het rif 
ervoor dat bepaalde rifgebieden weer als bron dienen voor rifgebieden die zich 
ver weg van de baaien bevinden. 
 Dit proefschrift levert een belangrijke bijdrage aan onze kennis over 
sensorische mechanismen die gebruikt kunnen worden voor de oriëntatie 
richting verschillende habitats door vissen in verschillende levensfases en het 
gebruik van en de migratie tussen verschillende ecosystemen. Het vermogen 
van kleine juvenielen om essentiële habitats te herkennen is noodzakelijk om 
hun overlevingskans en uiteindelijke vestiging in deze habitats te garanderen. 
Doordat deze vissen zo gespecialiseerd zijn in het gebruik van verschillende 
stimuli, zullen ze waarschijnlijk hun leefgebieden moeilijker of niet kunnen 
vinden als deze stimuli door menselijke effecten veranderd worden. Het 
verwijderen van mangroven voor de bouw van huizen en hotels, vervuiling 
van water dat uit de baaien stroomt, of geluidsvervuiling in de oceaan door 
scheepvaart kan deze oriëntatie drastisch verstoren. Daarnaast zijn verschillen 
in kwaliteit en beschikbaarheid van kraamkamerhabitats belangrijke factoren 
die een rol spelen bij het instandhouden van de adulte populatie op het rif. Deze 
resultaten onderstrepen het belang van baaien met mangroves en zeegrasvelden 
voor bepaalde vissoorten en de connectiviteit tussen deze habitats en het 
koraalrif. Beheersmaatregelen voor mariene ecosystemen richten zich echter 
nog vaak op één bepaald habitat, voornamelijk het koraalrif, zonder rekening te 
houden met de omliggende onderling verbonden gebieden. Voor het behoud van 
de diversiteit in tropische kustsystemen moet juist deze complexe samenhang in 
acht genomen worden bij het ontwerpen van mariene reservaten.
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Nu ik ruim 160 pagina’s heb gevuld met ‘mijn’ vissen in de hoofdrol, is het tijd 
om de aandacht te richten op de mensen zonder wie de afgelopen jaren een stuk 
minder aangenaam waren geweest. Want dit proefschrift was niet tot stand 
gekomen zonder de steun van veel mensen om mij heen, die ieder op hun eigen 
manier hebben bijgedragen, meegeleefd of voor afleiding hebben gezorgd. Een 
aantal wil ik graag in het bijzonder bedanken:
Ivan, mijn copromotor en dagelijks begeleider, jij hebt mij de kans gegeven 
om met dit prachtige onderzoek bezig te zijn. Vanaf het allereerste moment heb 
je me uitgedaagd, iets wat ik je niet altijd in dank afnam, maar uiteindelijk heb 
ik nooit spijt gehad van mijn beslissing om bij jou te promoveren.  Jij bent mijn 
inspirator en motivator geweest, tijdens veldwerk of schrijfperiodes in Nijmegen, 
na een bespreking met jou ging ik altijd weer vol enthousiasme aan de slag. 
Bedankt voor je toewijding, vertrouwen, inspirerende discussies, en gezellige, 
maar zeker ook productieve happy hours. Ik wens je veel succes met de nieuwe 
uitdaging die je in Australië aangaat. Onze samenwerking zal in de toekomst 
zeker een vervolg krijgen en ik kijk daar erg naar uit.
Sjoerd, als promotor heb je vooral in de eindfase van mijn promotie gezorgd 
dat de eindstreep in zicht kwam. Bedankt voor je hulp en prettige samenwerking.
Monique, als mijn meest directe collega heb je mij de kneepjes van het 
veldwerk geleerd. Niet zeuren, maar doen, zo begonnen we in 2006 aan het 
bouwen van die ellendige kooien, waar we eigenlijk nooit meer mee wilden 
werken, maar die toch steeds weer terugkwamen in ons onderzoek. We hebben 
samen hard gewerkt, maar ook veel lol gehad op Curaҫao. Ik zal nooit vergeten 
hoe jij tijdens een gezellige strand-bbq voor Carmabi als ‘drill-instructor’ ons 
het water in stuurde om ons bootje terug te halen, waarvan we dachten dat het 
losgeraakt was en afdreef. Eenmaal bij de boot aangekomen werden we hard 
uitgelachen door Tuki (in z’n kleine rode broekie) die rustig zat te vissen. Ook 
in Nijmegen hebben we veel samengewerkt en plezier gehad. Bedankt voor alle 
goede tijden, ik wens je het allerbeste toe in Australië, waar we elkaar zeker weer 
snel gaan tegenkomen!
Marieke, ik zag jou altijd als mijn grote voorbeeld, mijn onderzoek borduurde 
voort op wat jij tijdens jouw promotieonderzoek begonnen was. Ondanks al 
die moeite om zoveel mogelijk vissen te taggen met de CWT’s hebben we er 
uiteindelijk maar drie teruggevangen op het rif. Bedankt voor de inspiratie en 
de gezellige lunches tijdens het eerste jaar van mijn promotietijd.
Ismael and Matthius, dear Tanzanian colleagues, asante sana for all your 
fruitfull discussions and joyful conversations. I am very glad that we could 
finish our PhD period together with a visit of me to your beautiful country. I 
learned that fieldwork in Tanzania can be even harder than on Curaҫao, but 
the wonderful people and environment made all up for that. Ismael, I am very 
honoured that we share the special day of our defense together. Matthius, I wish 
you all the best with the last miles toward your defense! 
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Curaҫao, daar waar het blauw van de hemel het blauw van de zee raakt. Het 
eiland waar ik mijn tropische thuis vond. Het is raar om na negen uur vliegen 
uit te stappen en je direct weer thuis te voelen. Ik heb vier lange en twee korte 
veldwerkperiodes hier doorgebracht, vergezeld door 13 studenten die allen een 
belangrijke bijdrage hebben geleverd aan dit proefschrift. Het was niet altijd 
makkelijk om zo dicht op elkaar te zitten voor werk en privé, maar ik ben erg 
trots op wat we samen hebben bereikt! 
In mei 2006 begon ik aan de eerste veldwerkperiode met Astrid Hoogstraten, 
Eefke Mollee en Bas Budel. We moesten alles nog uitvinden: hoe vang je vissen, 
hoe bouw je een kooi, waar haal je het materiaal, vishaakjes of een vaarbewijs? 
Brian Leysner van Carmabi heeft ontelbare keren kaartjes van het eiland 
getekend voordat we met onze Nissan op pad gingen; van de Marchena via 
Building Depot naar Kooyman om alles bij elkaar te sprokkelen. En we ontdekten 
dat wat op papier zo makkelijk lijkt, in het veld ontzettend moeilijk kan zijn. 
Vooral yellowtails uit een kooi jagen bleek een onmogelijke opgave. Jullie hebben 
erg lange dagen gemaakt en een enorme inzet getoond. Gelukkig zorgden de 
weekenden voor aangename afleiding en ondanks dat onze auto elke week een 
nieuwe v-snaar nodig had hebben we er het hele eiland mee rondgecrosst en vele 
mooie plekjes gezien. Ons huisje op het strand en Hook’s Hut voelden al snel 
als thuis, waar nog vele bbq’s zouden volgen. Ook zal ik nooit vergeten hoe Bas 
en Eefke onze huis-fregatvogel, Attila, heldhaftig uit zijn lijden verlosten nadat 
duidelijk werd dat zijn gebroken vleugel niet meer zou genezen. Astrid, Bas en 
Eefke, bedankt voor jullie steun en gezelschap tijdens deze eerste kennismaking 
met Curaҫao.
Na slechts 3 maanden in Nederland vertrok ik in december 2006 voor de 
tweede keer naar Curaҫao, samen met Benjamin Backx, Wouter Pardijs en Renate 
Labberton. Tom Spanings heeft ons deze periode als vrijwilliger geholpen; 
zonder jouw kennis over het waterdicht in elkaar zetten van een aquarium 
waren we nog veel langer in de weer geweest met glasplaten en kit. In deze 
periode hebben we naast het vaste werk op het Spaanse Water (vissen taggen 
en terugvangen en vissen vangen voor de experimenten) alleen experimenten 
in het lab van Carmabi gedaan. En dus waren we het water in het weekend nog 
niet beu en leerden we de onderwaterwereld van Curaҫao steeds beter kennen 
tijdens de vele duiken die we samen gemaakt hebben. Renate, samen met onze 
huisgenoten Mark, Thijs en hun vriendengroep, hebben we veel leuke momenten 
beleefd zoals tijdens het Caribisch carnaval, een weekendje Klein Curaҫao, of het 
champagne-ontbijt. Benjamin, Wouter, Renate en Tom, bedankt voor jullie inzet.
Ondanks dat wonen op het strand een droom is die op het strand van 
Carmabi werkelijkheid werd, kozen we er voor de derde veldwerkperiode 
(juli-dec 2007) voor om in het huis van Stanley te gaan wonen. De studenten 
die me deze periode vergezelden waren Jeffrey Oldenburger, Laura Govers, 
Madelon van de Kerk en Jan de Brouwer. Onze huisgenoten zorgden voor een 
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aangename afwisseling, andere gespreksonderwerpen, vele gezellige avondjes 
in de pianobar en een onvergetelijk weekend op Bonaire. Ook kwam Monique 
deze periode samen met twee studenten een maand lang naar Curaҫao. In deze 
maand hebben we ruim duizend vissen gevangen en ontleed. Daarnaast was dit 
de periode van de zichtexperimenten, waarvoor we dagelijks 2 x 2,5 uur in het 
water lagen, terwijl we het na een half uurtje al ijskoud hadden. Laura, Madelon, 
Jan en Jeffrey, bedankt voor jullie gezelligheid en uithoudingsvermogen.
Voor mijn laatste lange veldwerkperiode toog ik in juli 2008 met Ines 
Schulten, Pauline Lössbroek en Andjin Siegenthaler terug naar Curaҫao. Deze 
periode hebben we zoveel verschillende dingen gedaan. We begonnen met het 
uitproberen van onze zelfgemaakte ‘light-traps’. Hele nachten lagen we op de 
pier om elk uur de vangst te checken, maar helaas lukte het niet om de larven van 
onze onderzoekssoorten te vangen. Maar de geluidsexperimenten en flow tank 
experimenten werkten wel, en ik ben er trots op dat we deze resultaten hebben 
gepubliceerd in Ecology! Naast de gedragsexperimenten hebben we deze periode 
wederom veel vissen gevangen, yellowtails voor otolieten, schoolmasters om 
te zenderen en French grunts voor de tags. We werden hierbij geholpen door 
een onmisbare kracht, Martijn van der Ende. Jouw enthousiasme werkte enorm 
aanstekelijk en je volledig vrijwillige inzet was geweldig. Ines, Pauline, Andjin 
en Martijn, bedankt voor jullie toewijding.
Beste studenten, ik weet dat ik het jullie niet altijd makkelijk heb gemaakt, 
maar ik hoop dat jullie met net zoveel plezier terugdenken aan die periodes 
op Curaҫao als ik nu doe, super bedankt! Er waren natuurlijk nog veel andere 
mensen op het eiland te vinden voor hulp of afleiding, zoals de mensen van de 
duikschool, automonteurs of salsamaatjes. Op Carmabi werden we altijd met 
raad en vooral daad bijgestaan door Oscar en Carlos, bij wie we altijd terecht 
konden met autopech of een ander klusje. Masha danki mi dushi Korsou!
The most fancy equipment used during my fieldwork was provided by two 
international collaborators. I am very thankful to Stephen Simpson who send 
us so often the hydrophone and recorder, and Craig Layman for borrowing his 
array of receivers, fieldwork laptop and manual tracker for the acoustic telemetry 
study. It was a pleasure to work together with you and visit both your labs in 
Bristol and Miami. Thanks for all your effort and expertise.
Niets is fijner dan je tropische thuis te kunnen delen met dierbare vrienden 
uit Nederland. Ralf, Dominique, Annemieke, Maurice, Marjet, Wendy, papa en 
mama, Bart, Remko, Michiel en Pieter, bedankt voor jullie bezoek. Jullie weten 
als geen ander dat veldwerk geen vakantie is, en dat ze bij Hook’s de lekkerste 
frozen cappucino’s van het eiland maken. Ik hoop dat jullie met veel plezier 
terugdenken aan de ‘meet & greet’ met mijn visjes.
Eenmaal terug uit Curaҫao waren er vele Nijmeegse collega’s op de Ecologie-
afdeling die voor aangename afleiding tijdens het werk zorgden en altijd 
interesse toonden in mijn vissenonderzoek. Eelke, wat begon als kamergenoten 
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eindigde in een samenwerking met als resultaat een prachtig artikel, bedankt 
voor je geduld en betrokkenheid. Christian, ieder op onze eigen manier, maar 
toch samen, hebben we de eindstreep bereikt. In de kerstvakantie samen aan de 
lay out van onze proefschriften sleutelen was erg motiverend, volgende week 
is het jouw feestje! Met vele anderen op de afdeling werd het eigenlijk steeds 
gezelliger, en ik vind het jammer dat ik nu al afscheid van jullie moet nemen. 
Vooral het laatste jaar hebben we een hechte groep opgebouwd, met een gezonde 
rivaliteit tussen de planten- en de vissen-mensen als het om bowlen gaat. Ik 
wil de ‘achterblijvers’ veel succes wensen met hun verdere carrière, en blijf 
graag op de hoogte van de ontwikkelingen en de stand bij het bowlen, curlen, 
midgetgolfen of karaoke zingen ;-). Bedankt allemaal voor jullie bijdrage aan een 
prettige werksfeer! 
Naast collega’s zijn vrienden net zo belangrijk voor ontspanning, een 
luisterend oor of een goede maaltijd na een lange werkdag. Vrienden die al heel 
lang meegaan, of die ik nog maar relatief kort ken, jullie zijn van onschatbare 
waarde. Vera, Marc, Ineke, Ivo en Marjet, we zijn al zo lang vrienden! Zo’n 
uiteenlopende levens, maar als we samen zijn is het goed. Bedankt voor de vele 
mooie herinneringen. Lieve Wageningers, met alle aanhang zijn we allang geen 
‘biokliek’ meer, maar met jullie is de basis voor mijn biologencarrière wel gelegd. 
Remko, Michiel, Diana, Peter, Saskia, Robin, Michelle, Frank, Mijntje, Arjen, 
Carmen, Isabel, Brian, Jochem, Pamela, Edwin en Annette, bedankt voor jullie 
betrokkenheid en alle fijne momenten in de afgelopen jaren, ik hoop dat er nog 
vele zullen volgen. Annemieke, Marijke en Kelly, bedankt voor alle gezelligheid 
die we sinds onze bestuurstijd samen delen; SIB for life. Jeroen, dank je wel 
voor de vele gezellige lunches, borrels en spelletjes. In het laatste jaar, waarin 
de moeilijkste puntjes op de i gezet moesten worden, zorgden tangolessen 
voor ontspanning. In de tango vond ik niet alleen rust en balans, maar ook een 
dansmaatje; Niels, bedankt voor je vriendschap. 
Marjet en Diana, met jullie aan mijn zijde kan ik de hele wereld aan! Marjet, 
onze geschiedenis gaat al heel ver terug en de band wordt steeds sterker. Wat 
hebben we veel beleefd in de jaren dat we samen in Nijmegen hebben gewoond. 
Onder het genot van een kop thee of een glaasje Martini passeert elk onderwerp 
wel de revu en maken we er samen ons feestje van. Diana, terwijl we beide 
aan het promoveren waren werd onze band steeds hechter, ik denk met veel 
plezier aan de vele lunches aan jouw of mijn kant van de campus. Bij jou en 
Peter voelt het altijd als thuis, in goede en in slechte tijden, dichtbij of ver weg. Je 
bent helemaal uit Tokio overgekomen om deze dag met mij te vieren, en ik weet 
zeker dat er in de toekomst nog veel meer mooie momenten zullen volgen. Lieve 
meiden, ik ben ontzettend trots dat jullie mijn paranimfen willen zijn, bedankt 
voor jullie grenzeloze vriendschap.
Pap en mam, het is misschien niet altijd makkelijk met zo’n dochter die de 
hele wereld bereisd om haar dromen na te streven. Ik hoop dat jullie door mijn 
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verhalen met me mee genieten. Bedankt voor jullie steun en de vrijheid die 
jullie me geven om mijn eigen ding te doen. Wendy, er zijn te weinig woorden 
om te beschrijven hoe veel je voor me betekent, een lievere zus kan ik me niet 
voorstellen. Bedankt voor je onvoorwaardelijke steun, op jou kan ik altijd rekenen 
en je bent er echt altijd voor me voor praktische zaken of morele steun. Ik koester 
ontzettend veel fijne herinneringen aan de laatste twee jaar samen in Nijmegen 
en ik weet dat mijn keuze voor Australië voor jou niet makkelijk is. Maar dichtbij 
of ver weg, ik blijf altijd je zusje, en onze band zal er altijd zijn!
Met het voltooien van dit proefschrift is er een droom uitgekomen, maar zoals 
Paulo Coelho het schreef: ‘it is the possibility of having a dream come true that 
makes life interesting’. Ik heb nog genoeg dromen waar te maken, om te beginnen 
met een baan als onderzoeker in Australië. Daar zal ik de mensen die zo dicht 
bij me staan enorm gaan missen, maar ik hoop dat jullie net als ik onthouden 
dat vrienden net als sterren zijn: je ziet ze niet altijd, maar je weet dat ze er zijn!
So long, and thanks for all the fish!
Liefs Chantal 
Dankwoord
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